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Organic fouling caused by aqueous organic matters (AOM) from secondary 
effluents or natural water bodies has been the prime bottleneck hindering the 
widespread applications of RO membrane technology.  These organic matters 
tend to absorb or deposit on RO membrane surface and often cause reversible 
or irreversible fouling.  The costs associated with organic fouling abatement 
and the resultant flux decrease usually contribute to a significant fraction of 
the total cost of the membrane processes.  The conventional pretreatment 
methods, such as coagulation/flocculation, have never satisfactorily prevented 
the fouling associated with aqueous biopolymers, such as the polysaccharides, 
protein, and natural organic matter (NOM).  Moreover, due to the abundance 
and complexity of AOM in aquatic environment, conventional pretreatment 
measures cannot readily achieve stable performances.  Even emerging 
membrane pretreatment system using low pressure driven membranes, such as 
microfiltration (MF), ultrafiltration pretreatment, or nanofiltration, which itself 
is susceptible to organic fouling by AOM, cannot address the problem over a 
long-term operation.  Hence, it is timely and important to develop an 
alternative method for effective alleviation and control of organic fouling in 
RO process.  The primary objective of this study was to develop a novel 
pretreatment method - hybrid photocatalysis and microfiltration process - for 
RO membrane fouling control in the water reclamation process.   
 
In this study, TiO2-based photocatalytic reaction combined with MF process 
was employed as pretreatment process for fouling reduction of RO membrane, 
 vii 
with effluent organic matters (EfOM), a model hydrophilic polysaccharide 
(sodium alginate), a model protein (Bovine serum albumin) and Suwannee 
River NOM of hydrophobic propensity as foulants operated in a lab-scale 
cross flow RO membrane filtration system.  Factors influencing the fouling 
potential of the feed solution were investigated.  The hybrid system provided a 
good alternative to effectively control the organic fouling development on RO 
membrane.  In the presence of UV light and nano-size TiO2, photocatalytic 
reaction within relatively short reaction time favorably changed the 
physicochemical properties of the reactants, such as the molecular weight 
distribution, functional groups, charge densities, etc, which were revealed by 
the tests of high pressure liquid chromatography-size exclusion 
chromatography, Fluorescence excitation–emission-matrix spectrum, 
Synchronous fluorescence spectrum, Fourier transform infrared spectroscopy, 
UV spectrum and Zeta potential, etc.  At relatively low TOC concentration, 
the fouling potential, k, on RO membrane, a parameter for qualitative 
measurement of fouling tendency, was significantly lowered in the fouling 
tests with EfOM, polysacchrides and SRNOM, especially in the presence of 
calcium by photocatalytic pretreatment.  This reduction could be ascribed to 
the changes in the properties of AOM introduced by photocatalysis, leading to 
attenuated intermolecular actions among organic molecules and reduced 
interactions between the organic molecules and RO membrane surface.  The 
macromolecules of the hydrophobic matters could be degraded into less 
hydrophobic micromolecules, resulting in the decrease in their fouling 
potentials.  These reductions were also significant for hydrophilic 
polysaccharides in the presence of Ca2+ due to the weakened intermolecular 
 viii 
bridging effect on micromolecules, leading to a less dense fouling layer on 
membrane surface.  These findings are of crucial importance in starting a new 
scenario in the study of organic fouling alleviation.  In addition, the effects of 
solution chemistry, operation, and configuration parameters on the fouling 
behaviors of major organic foulants on RO membrane were also investigated.  
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CHAPTER 1 INTRODUCTION 
 
1.1 Background 
With progressive degradation of the quality of water resources and growing 
demand for high quality water, there is an urgent need to develop highly 
efficient water treatment technologies to ensure a safe water supply.  
Membrane technology has been considered to be one of the most attractive 
alternatives to conventional water treatment as it can produce a water of better 
water quality with high reliability.  It also has many advantages over 
conventional water treatment processes, such as more compact installation, 
lower requirements for chemical reagents, and more readily automated 
operation [1].   
 
Although it is generally expected that the use of membrane technologies in 
drinking water treatment and wastewater reclamation, and seawater/saline 
water desalinization will continue to grow, the more widespread applications 
of membrane processes would be seriously hindered by membrane fouling.  
Membrane fouling refers to the process and consequences of foulant 
accumulation on the membrane surface and/or within the membrane pores.  
Membrane fouling can severely impair the performance of the membrane 
processes by reducing the permeate flux, deteriorating permeate quality, and 
shortening membrane lifespan.  Feed water pretreatment, antifouling 
membrane fabrication, and cleaning agents (or procedures) development are 





The costs associated with fouling control and abatement usually contribute to 
a significant fraction of the total cost of the membrane processes. 
 
Membrane fouling is inevitable in membrane filtration processes [1-3] and the 
reduction of fouling propensity of the feed water with the appropriate 
treatment is one of the most serious considerations of membrane processes.  
Organic fouling and biofouling are regarded as the two major types of fouling 
for membrane related to water and wastewater treatment that can be less 
effectively abated by common pretreatment measures.  The common 
pretreatment measures, such as coagulation/flocculation, sedimentation, and 
filtration, are more effective for particulate and colloidal foulants.  At very low 
concentrations, aqueous organic foulants in the feed water are very difficult to 
be efficiently removed by these conventional processes[4].  Biofouling can be 
effectively reduced by dosing strong biocides, e.g., chlorine.  But the 
commonly used polyamine reverse osmosis (RO) membrane can be seriously 
damaged by free chlorine even at very low concentrations.  Moreover, the 
formation of trihalomethanes and other toxic by-products poses a new threat to 
water safety.  Even membrane (MF/UF) pretreatment cannot properly handle 
organic fouling, especially for long-term operations.  
 
Photocatalysis process has been proven to be efficient in organic degradation 
and inactivation of microorganism.  Thus the hybrid membrane/photocatalysis 
system is a potential pretreatment measure.  It offers us a new exciting area to 






Photocatalysis is a type of photoreaction which uses a photocatalyst to 
accelerate the reaction process.  In photogenerated catalysis, the photocatalytic 
activity depends on the ability of the catalyst to create electron-hole pairs, 
which generate free radicals that are able to undergo secondary reactions.  Its 
comprehension has been made possible ever since the discovery of water 
hydrolysis by means of the use of titanium dioxide.  Catalysis by definition, 
implicates a catalytic entity that participates and accelerates the chemical 
transformation of a substrate, itself remaining unaltered at the end of each 
catalytic cycle [5].  In photocatalysis, no energy is stored; there is merely an 
acceleration of a slow event by a photon-assisted process.   
 
Of all the various semiconductors used for the process of photocatalysis, 
titanium dioxide (TiO2) has essentially proven itself to be the best material for 
environmental purification because of its many desirable properties.  TiO2 is a 
cheap and readily available material.  It is highly stable chemically and the 
photogenerated holes are highly oxidizing [6, 7].  In addition, the 
corresponding photoelectrons are having sufficient electronegativity to reduce 
dioxygen to superoxide/hydroperoxide radicals to effect the deep oxidation of 
a wide range of organic compounds, viz. phenols[8], chlorophenols [9], 
halocarbons [10], surfactants [11], and pesticides [12], etc into harmless 
compounds such as CO2 and H2O by irradiation with UV light. 
 
In this research, the photocatalysis process was not used to completely 
mineralize the organic pollutants in the water to lower the organic load to 





functional groups of organics to lower its propensity to foul RO membrane.  
The photocatalysis process has the advantages of lowering the organic fouling 
propensity of RO membrane by cleaving macromolecules into small 
molecules, minor modification of the functional groups of the substrate and 
decreasing membrane fouling by biopolymers associated with microorganism.  
Therefore it is a possible process for organic fouling control in membrane 
process.   
Our aim in this research was to develop a novel pretreatment measure for 
organic fouling control of RO process by a hybrid photocatalysis process and 
low-pressure-driven membrane process, such as MF process.  Fouling control 
mechanisms was elucidated for major organic matters in the biologically-
treated sewage effluent, such as polysaccharides, protein, and natural organic 
matter (NOM), and the fouling control efficiency was optimized. 
 
1.2 Objective and Scope 
The overall objective of this proposed study was to develop a hybrid 
photocatalysis/membrane pretreatment system for effective alleviation and 
control of organic fouling in RO processes in wastewater reclamation and to 
elucidate the fouling mechanism under new pretreatment condition.  More 
specially, the principal scope of the thesis is:  
(i) Photocatalytic oxidation of organic matter - to study the effectiveness 
and efficiency of various catalysts for photo-oxidation of organic 
matters commonly found in feed water to RO processes, and to screen 
potential photocatalysts and identify the key operation and 





(ii) Physicochemical properties of the preoxidized organic matters - to 
examine physicochemical properties of preoxidized organic matters 
with various solution and surface characterization methods, to compare 
physicochemical property changes between several types of raw organic 
foulant and pretreated ones under optimized hybrid 
photocatalysis/membrane configuration, and to investigate the 
correlation between the physicochemical properties of preoxidized 
organic matters and major configuration parameters. 
(iii) Fouling behaviours of RO membrane under new pretreatment method - 
to reveal the changes in permeate flux and fouling potentials of RO 
membrane by model hydrophobic NOM, hydrophilic polysaccharides 
and effluent organic matters, and to investigate the possible 
mechanisms of changes in fouling potentials and the correlation 
between physicochemical property changes and fouling behaviors. 
(iv) RO membrane fouling alleviation with hybrid pretreatment - to compare 
and optimize the fouling control efficiency for various 
membrane/photocatalysis configuration factors, and to investigate the 
correlation between operation parameters of the hybrid treatment and 
fouling control efficiency in RO membrane processes. 
 
1.3 Organization of Thesis 
This dissertation includes seven chapters.  Chapter 2 provides a 
comprehensive review of the previous experimental and theoretical studies on 
fouling of RO membranes by aqueous organic substances, such as EfOM, 





characteristics, and current fouling characterization methods and fouling 
control strategies.  It also includes a brief review of the photocatalytic reaction 
for organic pollutant removal and the innovation of integrated 
membrane/photocatalysis system.  Chapter 3 gives the materials and some of 
the general experimental procedures used in this study, with some details 
provided in each chapter as appropriate.  
 
The photocatalyst selection and identification of major parameters influencing 
photocatalytic reaction efficiency with EfOM as reactant are reported in 
Chapter 4.  The fouling behaviors of EfOM and fouling reduction mechanism 
by photocatalytic pretreatment under external type of UV lamp were 
investigated.   
 
Chapter 5 further investigates the photocatalytic degradation of sample 
hydrophilic polysaccharides, sodium alginate, and reveals the fouling 
reduction mechanism of hydrophilic organic matters.  The effects of major 
operation and configuration parameters on the fouling potentials of oxidized 
sample polysaccharides under optimized hybrid membrane/photocatalytic 
reaction system, namely membrane photoreactor with immersion type UV 
lamp and hollow fiber MF membrane were also reported. 
 
Chapter 6 presents the fouling behaviors of model hydrophobic organic matter, 
the Suwannee River NOM (SRNOM) under new pretreatment measure, and 





factors and revealed the correlation between physicochemical property 
changes of NOM and fouling behaviors.    
 
Finally, chapter 7 is the summary of the major findings in this study and some 





CHAPTER 2 LITERATURE REVIEW  
 
2.1 Membrane Fouling  
Membrane systems - Microfiltration/Ultrafiltration (MF/UF) and 
Nanofiltration/ Reverse Osmosis (NF/RO) - are increasingly being applied for 
water and wastewater treatment and water reclamation.  The choice of 
membrane, module configuration, process and operating parameters, and 
pretreatment are very important factors affecting efficiency of separation.  
Membrane technology is a very promising technology in water separation 
application because of its high effectiveness in removing particles, including 
microorganisms, organic pollutants, inorganic salts, and achieving a 
biologically stable water.  However, membrane fouling is still a major obstacle 
for wide-scale application of this technology.  Several types of fouling can 
occur in membrane systems including inorganic fouling, particulate and 
colloidal fouling, organic fouling, and biofouling [2].  Pore blocking and cake 
formation are considered as the two main mechanisms of membrane fouling 
while other factors such as adsorption, particle deposition within the pores, etc 
also have some effect on the fouling formation [13].   
 
Membrane fouling is an extremely complex physicochemical phenomenon.  
Fouling of membrane is determined by the composition of the feed water and 
the physical-chemical properties of membranes and foulants [2, 14].  The 
membrane properties, such as surface roughness, charge, hydrophobicity, and 
molecular weight cutoff are all correlated with membrane fouling in water and 





components (organic matters, colloids, inorganic matter, and microorganism, 
etc) and the interaction between components and properties of membranes are 
also associated with membrane fouling.  The current understanding of all of 
these chemical and physical interactions is still insufficient to provide a 
comprehensive and systematic understanding of membrane fouling.   
 
Organic fouling by aqueous organic matters and biofouling caused by an 
active biofilm remain as the major problems in membrane-related water and 
wastewater processes.  Organic foulants in aqueous environment include 
natural organic matter (NOM) in surface water.  NOM is a major contributor 
to membrane organic fouling and it remains an aesthetic and color problem in 
water industry even at relatively low concentrations [4].  Organic pollutants 
from natural phenomena (such as biogeochemical cycles) and from human 
activities are present in surface and ground waters.  This complex mixture of 
heterogeneous organic materials comprises particulate, colloidal and dissolved 
matters and presents a complex character of the NOM fouling.  The major 
components of NOM are the humic substances such as fulvic and humic acids 
(HA) and humin.  Many researchers have suggested that the humic substances 
portion of NOM is a major foulant which controls the rate and extent of 
fouling [4, 15, 16].  However, some studies have reported that hydrophilic 
(non-humic) NOM might be a more significant foulant [17, 18]. 
 
2.2 Membrane Fouling by EfOM 
In the area of wastewater treatment for reuse, such as the NEWater in 





a major foulant of membrane processes, remains as one of the major problems 
in surface water treatment and those reclamation projects [19-22].  This could 
be attributed to the increasing contributions to aquatic DOM from microbially 
derived sources as a result of discharge of treated effluent to surface water 
bodies and/or algal growth caused by widespread eutrophication.  EfOM 
represents a range of structurally complex organic compounds, such as 
polysaccharides, proteins, aminosugars, nucleic acids, humic and fulvic acids, 
organic acids, and cell components [23].  These complex and heterogeneous 
compounds can generally be classified into two groups according to their 
origin: (i) soluble microbial products (SMPs) derived during substrate 
metabolism in the biological wastewater treatment process and (ii) NOM 
originating from the drinking water source [24, 25]. The concentration, 
composition, physicochemical characteristics and reactivity of EfOM are 
highly variable due to difference in wastewater sources and the operating 
conditions of preceding biodegradation [26].  Humic substance (HS) has also 
been widely recognized as the predominant refractory organic matter in 
wastewater effluent [20, 23].  Shon et al. [20, 27] also reported the variations 
in hydrophobic/hydrophilic distribution with season. The hydrophobic fraction 
is found predominant in the winter while the hydrophilic fraction in the 
summer. 
 
It has also been reported that the majority of EfOM in secondary wastewater 
effluents is made up of SMPs [23, 28].  Polysaccharides, one of the major 
constituents of SMPs, have been found to play an important role in the fouling 






The SMP, comprising partly soluble extracellular polymeric substances (EPS), 
mainly contain small carbonaceous compounds derived from the original 
substrate during biomass growth and cellular macromolecules generated 
during the endogenous phase [31].  The SMP consist of proteins, 
polysaccharides, and some humic-like materials [32].  Schiener et al. [23] 
measured the MW of SMP.  The SMP was found to exhibit a bimodal 
distribution, with 30% having MW < 1 kDa and 25% > 100 kDa.  The small 
MW portion of SMP can very easily pass through MF/UF which works as the 
pretreatment measures for RO process.  Accordingly, SMP fouling is one of 
the major types of fouling in the RO process and it was found to provide high 
membrane fouling potential during water reclamation/reuse [26]. 
 
Microorganisms and their SMP have been found to be the major source of 
membrane biofouling in the wastewater reclamation system especially in the 
RO, NF processes.  Biofouling is more complicated than other membrane 
fouling phenomena.  Fouling components such as organic and inorganic 
dissolved substances and particles can be removed by pretreatment.  
Microorganisms, however, are particles which can multiply.  Thus, if they are 
removed to 99.99%, there is still possibility of biofilm development on the 
membrane surface [33].  Microorganisms are ubiquitous in any technical 
system unless it is kept sterile by enormous and continuous effort.   
 
Biofouling leads to considerable technical problems and economic loss [33].  





problem. Biofouling is a biofilm problem, and the biofilm usually combined 
with polysaccharides to cover the membrane surface.  It is important to 
understand basic biofilm processes and properties in order to find rational 
countermeasures.  Park, N. et al [26] studied the biofouling potential of 
various NF membranes with respect to bacteria and their soluble microbial 
products.  The concept of concentration polarization (CP), and the convection–
diffusion–electrophoretic model (CDE), were used to analyze the fouling 
caused by the Flavobacterium lutescens bacteria, and soluble microbial 
products were extracted from the bacteria to investigate the fouling 
characterizations, flux decline and transport parameters through NF membrane 
filtrations.  NF membranes with greater hydrophobicity and roughness 
exhibited higher biofouling potential in terms of membrane–bacteria 
interactions identified from the Hamaker constants estimation.  Membranes 
undergo biofouling at different rates because of differences in 
physicochemical membrane characteristics (roughness, pore size, charge, and 
hydrophobicity).  The feed water qualities (ionic strength and composition, pH, 
microbes) and hydrodynamic factors (cross-flow velocity and pressure) are 
also closely associated with biofouling characteristics. 
 
Compared to MF/UF, both colloids and dissolved organic matters might act as 
potential foulants due to the denser separation layer with high rejection 
capability of NF /RO membranes.  Jarusutthirak et al. [30, 34] reported the 
effect of SMP on fouling and flux decline of RO, NF and tight UF membranes 
with effluents from a bench-scale sequencing biological reactor (SBR) and 





Polysaccharides and/or aminosugars from the colloids in wastewater effluent 
were found to play an important role in fouling of NF/RO and UF membranes.  
Lee et al. [35] reported that fouling tendency of RO membrane by hydrophilic 
organic matter was significantly correlated with varying solution chemistry, 
highlighting the impact of increased ionic strength and calcium concentration 
on EfOM fouling potential at industrial recovery levels.  However, the results 
obtained with alginate, a model organic foulant used to simulate 
polysaccharides in this study might not be a very good representative to 
aquatic EfOM with a much more heterogeneous and still poorly-defined 
structure.  Lee and Elimelech [36] also correlated the fouling behaviors with 
intermolecular adhesion forces measured with AFM at various solution 
chemistry condition.  On the other hand, Xie et al. [37] reported recovery as an 
important operating parameter on inorganic scaling and organic fouling in a 
municipal reclamation RO system.  A recovery as high as 90% could be 
applied using a commercial RO design software as revealed in modeling 
results.  However, the fouling assessment was based on thermodynamic 
feasibility projection, which could merely indicate the possibility of scaling 
formation.  In reality, scaling occurs at relatively high supersaturation levels 
because of the existence of a wide meta-stable zone.  And it is still 
controversial whether and how the presence of organic matter might affect 
scaling formation at relatively high recovery.  Schneider et al. [38] reported 
deposited organics, the nuclei sites for precipitation, might facilitate 
precipitation of inorganic, while another study [39] believed that the scaling of 
barium sulfate was slowed by crystallization inhibition in the presence of 





the deposition of hardness ion-organic complexes or co-precipitation of 
organics with inorganic scaling is still not clearly understood.  Therefore, 
many questions are still left regarding the role of EfOM in the growth of 
fouling on RO membranes in water reclamation.   
 
Even though there are a lot disputes about the major foulants and fouling 
mechanism, membrane fouling is a serious problem both in low-pressure 
driven process such as MF and UF and high-pressure NF and RO process.  
Fouling is a very complex phenomenon and fundamental understanding of 
fouling is necessary.  Usually several mechanisms are involved simultaneously 
in the fouling.  For MF/UF, two types of fouling phenomena are distinguished.  
The first is macrosolute or particle adsorption, which refers to the specific 
intermolecular interactions between the particles and the membrane that occur 
even in the absence of filtration.  It is usually irreversible, adhesive fouling.  In 
water treatment applications, the foulants are usually adhesive due to 
hydrophobic interactions, hydrogen bonding, van der Waals attractions, and 
extracellular macromolecular interactions amongst others [40].  The second 
type is known as filtration-induced macrosolute or particle deposition, which 
is often reversible, non-adhesive fouling, where the accumulation of cells, cell 
debris, and other rejected particles on the top surface of the membrane is 
prominent [40].  It occurs as external fouling or cake formation.  Reversible 
fouling resulting from cake formation was found to be only weakly dependent 
on membrane surface chemistry; in contrast, irreversible fouling exhibited a 
marked dependence on surface chemistry.  The cake layer formed on the low-





particle interactions that occur during the buildup of the cake layer determine 
the filtration characteristics.  Rejection can be enhanced by the cake layer [40].  
 
For high-pressure-driven NF and RO membrane process, the organic solute 
parameters molecular weight (MW), hydrophobicity/hydrophilicity membrane 
properties (molecular weight cut-off, pore size, surface charge, 
hydrophobicity/hydrophilicity, and surface morphology) and feed water 
composition, (pH, ionic strength, hardness, etc) are identified as the key 
factors affecting high-pressure-driven membrane fouling [26].  Beside the loss 
in permeate flux, the foulant accumulation on the membrane surface can also 
greatly influence the rejection of dissolved solutes.  For example, the rejection 
of total dissolved solids by NF was shown to decrease because of humic acid 
fouling, in particular at higher calcium concentrations [26].  The rejection of 
organic compounds by the high-pressure-driven membrane process involves a 
complex interaction of steric hindrance, electrostatic repulsion, solution effects 
on the membrane, and solute/membrane properties.  Some interactions are 
fairly well understood; for example, the major mechanism of solute rejection 
by NF is physical sieving of solutes larger than the membrane MWCO.  Other 
mechanisms of rejection such as electrostatic exclusion and hydrophobic-
hydrophobic interactions between membrane and solute are considered 
important but are not well understood [26].   
 
2.3 Membrane Fouling by NOM 
NOM has been regarded as a major cause of fouling during membrane 





heterogeneous mixture of structurally complex organic compounds derived 
from chemical and biological decomposition of plant and animal residues [41].  
Characterization of physicochemical properties (structure, functional group 
composition, acidity, size, shape, polydispersity, charge, hydrophobicity) of 
NOM is crucial towards a fundamental understanding of its treatability and 
impact on the performance of membrane processes.  A major fraction of NOM 
is composed of hydrophobic humic substances, comprising about 40-50% and 
up to 80% of total DOC in most natural waters [41, 42]. The non-humic 
fractions of NOM are composed of less hydrophobic transphilic acids, proteins, 
animo acids and carbonhydrates [43, 44].  Humic substances can further be 
categorized into humic acids (HA), fulvic acids (FA) and humans according to 
their solubility in acidic solutions.  Humic acids generally make up the major 
fraction of humic substances and have been extensively studied as a model 
compound for NOM, therefore, abundant information is available on its 
physicochemical characteristics which closely correlated to its characteristic 
fouling behavior.  
 
Humic acids are weak acids (pKa = 4.7) containing three main functional 
groups: carboxylic acids (-COOH), phenolic alcohol (-OH) and methoxy 
carbonyls (C=O), the relative number of which determines the overall 
properties of humic acids [45]. Fulvic acids have a similar structure but with a 
higher aliphatic and lower aromatic content.  At neutral pH, humic acids are 
negatively charged with a loose and open conformation due to intra-molecular 
electrostatic repulsion; while at low pH, high ionic strength and high 





neutralization and complexation with metals [14].  Decrease in pH could also 
increase the hydrophobicity of humic substances and make it more easily 
absorbed on to membrane surfaces [46].  Humic acids are highly polydisperse 
organic macromolecules with molecular size ranging from 500 Da to over 200 
kDa based on various determination methods [47, 48].  More recently, size 
distributions of NOM in natural water are conveniently determined by high-
pressure size exclusion chromatography (HPSEC) and ultrafiltration 
fractionation.  At relatively low ionic strength and low DOC concentrations 
representative of most aquatic environments, MW of International Humic 
Substances Society (IHSS) Suwannee River fulvic acid (SRFA) ranges from 
1000 to 2300 Da [48, 49].  These more recent molecular weight 
characterization results are significantly smaller and less polydispersive than 
previous results.  Molecular size has also been reported to affect the solubility 
and hydrophobicity of NOM indirectly.  Large organic molecules tend to be 
less soluble than smaller ones with similar functional group composition [50].  
Therefore, smaller and more densely charged than humic acids, fulvic acids 
are less hydrophobic.  In spite of extensive research mentioned above, because 
of the complex composition, labile nature of NOM which is highly source-
specific and seasonally-variable and the concurrent influence of solution 
chemistry on its physicochemical properties [50], our understanding of its 
detailed structures, reactivity, treatability and fouling behaviors is still 
incomplete.  In some situations the results given by different researchers are 
hard to directly compare because they are based on specific methodologies 
and approaches.  Non-destructive or isolation-fractionation approaches have 





limitations.  Development of simple and rapid analytical techniques based on 
bulk water samples which require small sample volume and minimal 
pretreatment (i.e. isolation, concentration, fractionation and dialysis) is 
desirable.  
 
NOM has been generally recognized as a major cause of flux decline although 
it can only be partially retained [16, 51].  Humic substances (HSs), also known 
as polyhydroxy aromatics, as a heterogeneous mixture of hydrophobic, high-
molecular-weight, negatively-charged organic macromolecules and the major 
constituents of NOM, has been first suggested by many researchers to be 
mainly responsible for fouling [17, 52, 53].  However, the soil-based 
commercial humic acid often used as simplified NOM model compound in 
these studies might not be representative of the characteristics of NOM in 
natural water.  These commercial humic acids are more hydrophobic in nature 
and have a larger average molecular weight [16].  
 
Some researchers used sophisticated extraction and fractionation methods to 
isolate the complex NOM mixture into more homogeneous fractions and 
subsequently compare their corresponding fouling potency, while other 
researchers rigorously characterized the cake/gel layer after membrane fouling 
[16, 18, 50, 51].  Physicochemical properties NOM, such as MW Distribution, 
hydrophobicity or humic/non-humic fraction and charge, are important factors 
that affect the membrane-NOM interactions and subsequent fouling behaviors.  
The gel-permeation chromatography or ultrafiltration and adsorption on non-





and fractionation.  Lin et al. [17, 53] found that the hydrophilic fraction caused 
greater flux decline than the hydrophobic fraction after fractionating humic 
substances.  Moreover, DOC components with the largest MW of both 
hydrophobic and hydrophilic fractions exhibited the worst flux decline.  Fan et 
al. [54] reported the low-aromatic neutral fraction as the major determinant of 
the rate and extent of fouling on MF membrane.  And hydrophobic acids were 
the next dominant group in severe fouling.  It was also shown that the higher 
the aromaticity of the NOM the greater the flux decline, and the aromatics 
mainly resided in the hydrophobic acids fraction.  They proposed a mechanism 
that involved adsorption of small NOM molecules on inner membrane pore 
walls and further pore blockage by colloidal organics larger than 30,000 Da.  
Nevertheless, Carroll et al. [18] observed that hydrophilic neutral fraction with 
the smallest distribution gave greater degree of fouling on MF membrane.  
 
Many efforts have been invested to develop a fundamental understanding of 
the different mechanisms involved in the fouling process, namely 
concentration polarization, pore-blocking, cake/gel layer formation or 
deposition and adsorption.  A combined pore blockage-cake filtration model 
successfully described the flux decline during MF and UF by humic acid, 
where the initial pore blockage caused by deposition of large humic acid 
aggregates is followed by cake layer formation, with the final filtrate flux 
approaching a finite steady-state value, similar to the “critical flux” 
phenomenon observed with colloidal filtration and no significant flux decline 
resulting from simple static adsorption was observed when experimenting with 





hydrophobic membranes experienced much greater loss in permeability than 
hydrophilic membranes due to the preferential adsorption of NOM, even with 
much smaller sizes than membrane pores [54-56].  Cake layer fouling is often 
considered to be reversible, which can be controlled by high shear stress or 
reversed by backwashing, while adsorption often leads to irreversible fouling 
which can only be removed by chemical cleaning or cannot be removed at all.  
 
Compared to MF/UF membranes, which most frequently are operated in dead-
end mode with majority of the contaminants rejected and deposited as a 
fouling layer, the fouling process of cross-flow NF/RO membranes was more 
significantly influenced by the interactions between membrane surface and the 
organic contaminants.  One study reported that the fouling tendency of NOM 
components in conventionally treated feed water to foul NF membranes was in 
the order of polyhydroxy aromatics, proteins, polysaccharides and amino 
sugars [57].  Nilson and DiGiano [42] also reported that hydrophobic NOM 
was shown to be responsible for nearly all permeate flux decline on 
hydrophilic NF membrane and was more highly rejected by the membrane 
than hydrophilic NOM.  
 
On the other hand, solution chemistry (pH, ionic strength and presence of 
multi-valent ions) are found to influence organic characteristics (charge 
density and conformations of macromolecules) and membrane properties (pore 
size and surface charge).  Fouling of NF membrane by NOM was reported to 
increase in the presence of calcium, at decreased pH and increased ionic 





low pH and high ionic strength, due to decreased electrostatic repulsions 
between the membrane surface and NOM and among NOM macromolecules 
by charge neutralization and compression of electrostatic double layer.  
Charge neutralization, bridging, and aggregation are possible interactions 
suggested for increased fouling associated with multi-valent cations, 
particularly in the presence of calcium ions [14, 35, 60].  However, for similar 
concentrations of divalent magnesium ions, fouling was negligible [35, 36].  
Meanwhile, these interactions are also dependent on the type of organics.  For 
example, Jucker and Clark [46] found that the effect of calcium on FA fouling 
rate was lower than that on HA.   
 
2.4 Fouling Control Strategies 
Fouling of RO membranes in reclamation and reuse of wastewater is a serious 
concern in design and operation.  The strategies, such as feed water 
pretreatment, development of low-fouling membranes, optimization of process 
parameters, innovation in cleaning techniques, etc are usually applied or 
evaluated for fouling reduction.  
 
2.4.1 Conventional Pretreatment 
Feed water pretreatment is most commonly used to prevent organic fouling.  
Various pretreatment schemes tested include coagulation with inorganic or 
polymeric coagulants, granular activated carbon adsorption, and biological 
activated carbon (BAC) filtration, etc [34, 61-65].  The pretreatment measures 
can partially remove the substances that may cause module clogging or to 





surface.  Removing particulate matters and thereby preventing particles from 
the deposition on the membrane surface involves both physical and chemical 
processes. 
 
The physical processes usually include prefiltration to remove any suspended 
particles that may plug the module or adhere to the membrane surface.  
Precipitation, coagulation/flocculation and addition of chemicals such as 
antiscalants or disinfectants are the chemical process commonly used for feed 
water pretreatment.  Coagulants aim to reduce and eliminate internal clogging 
of the membrane by depositing the colloidal particles and helping them form 
sufficiently large aggregates to facilitate obtaining higher rates of permeate 
flux.  Chemical coagulants can destabilize colloidal particles by four distinct 
mechanisms, which include (1) double layer compression, (2) charge 
neutralization, (3) enmeshment in a precipitate, and (4) interparticle bridging.  
Research was carried out on the addition of coagulants to enhance the 
formation of larger particles from the initial molecules that would be readily 
swept from the membrane surface.  The effect of using alum, polyaluminium 
silicate sulfate (PASS), and lime, etc, as coagulants on the performance of 
cross-flow microfiltration/ultrafiltration of domestic wastewater was 
investigated by some researchers [62, 66].  Many studies reported that 
coagulation pretreatment has improved membrane performance [18, 67].  
Shon [20] compared the effect of ferric chloride (FeCl3) coagulation and 
flocculation with other processes, such as powdered activated carbon (PAC) 
adsorption, as the pretreatment measures for ultrafiltration fouling control.  





efficient in removing DOC than coagulation as a pretreatment.  He also found 
that flocculation-and-then-adsorption pretreatment was very effective.  The 
TOC of the biologically treated effluent can be removed by almost 60% and 
fouling also declined.  Meanwhile, the treatment effect of coagulation is not 
consistent as reported in the literature.  In some cases, coagulation has 
decreased performance [65, 68].  Some studies have demonstrated that the 
coagulation dosage has an important effect, with high dosages leading to 
improved membrane performance and low dosages inducing poorer membrane 
performance [68, 69].  However, this characteristic is closely related to the 
water source and quality, and sometimes even reversed effects can happen.  
Carroll also pointed out that coagulation was effective for removing 
particulate matters but have little effect on reducing dissolved organic 
substance [18].  Moreover, at very low concentrations (less than 10 ppm), 
EfOM can become costly or difficult to remove using those conventional 
processes [20].   
 
2.4.2 Biofouling Prevention 
Biofouling is more complicated than other fouling phenomena, and there is 
still significant knowledge gap between the biotic fouling caused by an active 
biofilm and abiotic fouling related to organic substances of microbial origin, 
such as cell debris and/or fragments.  Many studies monitored or observed the 
deposition and/or adsorption of microbial cells on many membrane surfaces 
under various water chemistry and hydrodynamic conditions [70-72].  These 
studies reported that membrane fouling is influenced by microbial suspension 





and the properties membrane such as hydrophobicity, roughness, etc.  
Currently, biofouling prevention strategies have often been based on the 
inhibition of microbial growth and accordingly, reducing EPS.  Thus, various 
disinfectants have been used.  But pretreatment is seldom addressed for the 
reduction of the gel-like fouling layer formed by polymeric substances 
associated with microbial growth which tend to attach to membrane surface, 
causing severe fouling [73, 74].  Disinfection pretreatment of feed water, such 
as chlorine and monochloramine, etc has been more frequently used, but these 
disinfectants can chemically interact with the TFC and polyamide membrane 
[33].  Moreover, the formation of trihalomethanes and other toxic by-products 
poses a new threat for water safety [75].   
 
In addition, biofouling reduction through the control of the nutrients level in 
the water is another perspective mentioned by some researchers [76, 77].  
Unlike the other fouling problems which can be controlled by either chemical 
or physical measures, biofouling is the one least understood and effective 
controlled, as microorganisms are widely distributed in the water treatment 
system, and they can multiply very quickly with the consumption of organic 
and inorganic substances in water.  The latest techniques for biofouling control 
are various disinfection measures to kill or inactivate all the possible 
microorganisms that constitute the biofilm.  The application of biocides 
however, has to be considered carefully if other problems, such as 
environmental pollution and high costs, are to be avoided.  Failures have been 
reported when massive biofouling occurred despite chlorination [77].  This is 





(AOC) by chemical oxidation of dead biological materials in suspension by 
chlorine.  This observation shows that the problem is not always solved simply 
by killing the microorganisms.  Biocide treatment mainly addresses the 
suspended cells in the water phase, while the nutrient concentration (AOC) is 
not reduced.   
 
2.4.3 MF/UF Membrane Pretreatment 
Microfiltration and ultrafiltration are attractive pre-treatment techniques as 
they consistently reduce turbidities and particles, remove bacteria and 
continuously produce good quality water at low-pressure levels [78].  
Microfiltration demonstrated steady RO performance over 3 months of testing 
to desalt the relatively hard water from the Colorado River [78].  It should 
result in higher reliability and better overall economics for RO pretreatment in 
seawater desalination and Wilf [79] assumed that the total water cost should 
be reduced by about 10%.  However, some of the MF/UF elements cannot 
operate at high flux rates when treating highly fouling surface water because 
of severe membrane fouling and plugging of fibers [79].  On the other hand, 
MF/UF pretreatment usually involves relatively high cost in terms of capital 
expenditure and membrane replacement.  That is why conventional 
pretreatment such as sand filtration is still preferred over MF/UF pretreatment 
when designing seawater RO desalination plants. 
 
The MF/UF membranes had to be regularly backwashed with cleaning agents 
such as alkaline solutions, acids, EDTA, enzymes, etc in order to maintain a 





transmembrane pressure (TMP) was still often observed even when 
performing regular chemical cleanings.  In many cases, it was assumed that 
irreversible fouling occurred because of the accumulation of organic matter on 
the membrane surface.  An analysis of membrane cake by GC-MS pyrolysis 
showed that polysaccharides are one of the major compounds [80].  This type 
of compounds usually fouled the membranes irreversibly [81].  Therefore, 
chemically cleaning the membrane with chemicals is necessary for flux 
recovery [82].  With chemical cleaning, the specific flux of the MF/UF 
membranes can be fully or partially recovered.  To minimize fouling, it is 
usually accepted to decrease the membrane flux.  However, the flux was 
already fairly low and therefore another strategy was often adopted: same flux 
was applied, but with an in-line injection of coagulant such as ferric chloride 
upstream the MF/UF membranes in water treatment.  It was considered that 
low coagulant dose could help in controlling fouling.  A steady state operation 
can be maintained over a relatively long period of time due to the coagulant 
injection.  It is likely that a ferric cake was formed on the membrane surface 
during the filtration cycle and then removed by hydraulic backwashes.  
 
Some pilot-plant test has shown that after long-term operation (6000-7000 h or 
longer), the tendency of biofouling of the MF/UF membrane could be shown, 
whereby a sharp increase in TMP was often observed.  High Adenosine 
triphosphate (ATP) contents, an indication of existence of biological 
substances, were present in the MF/UF feed when biofilm formation rate 
increased [83].  These facts suggest a relation between membrane fouling and 





severe fouling occurred, frequent cleanings has to be carried out to maintain 
the necessary flux.  In that case, disinfection or GAC-filtration pretreatment 
need to be applied to the MF/UF-feed in the water treatment process.  Even 
though membrane process (MF/UF) is used as the pretreatment, the organic 
fouling and biofouling still can not be properly addressed, especially in long-
term operation.  Moreover, fibre break on the membranes may occur in the 
cleaning and operation process, causing leakage of turbidity and 
microorganisms [83, 84]. 
 
There was also a significant difference between the operating fluxes of the MF 
and UF pretreatment systems.  Higher operating flux of the MF pilot system 
was achieved at the expense of increasing TMP, which had to be kept constant 
by a more elaborated maintenance system, comprising of air scouring and 
filtrate backwashing.  However, silt density index (SDI) of the filtrate 
produced by the UF pilot system was superior to that produced by the MF 
pilot system.  It should be noted that while filtrate quality of the MF system 
was inferior to that of the UF pilot system, it is still of considerably good 
quality.  Filtrate SDI of the MF pilot system was consistently less than 3.0 in 
many reports [85].  
 
2.5 Photocatalytic Reaction 
Photocatalysis has recently become a process of strong interest and various 
products using photocatalytic functions have been commercialized. Among 
many candidates for photocatalysts, TiO2 is the only material suitable for 
industrial use at present and also probably in the future [5, 86, 87], although 





the most efficient photoactivity, the highest stability and the lowest cost. More 
significantly, it has been used as a white pigment from ancient times, and thus, 
it is safe to humans and the environment. The use of TiO2 photocatalyst for 
environmental clean-up has been of great interest due to its above features, 
especially the low cost when sunlight is used as the source of irradiation.  
Most importantly, many organic contaminants can be almost completely 
mineralized by UV/TiO2.   
 
Degradation of organic pollutants, due to the deleterious effect on the well 
being of environment, has greatly raised the attention both in the society and 
scientific world. Pollutants that are emitted from various sources pose severe 
ecological problem. TiO2 photocatalysis is commonly used for the 
photodegradation of aqueous and gas phase pollutants due to its low cost, 
stability to corrosion, and biological and chemical inertness [88].  The bio-
degradation of these refractory pollutants is often very slow and conventional 
treatments are mostly ineffective and not environmentally compatible.  TiO2 
photocatalysis has some clear advantages over conventional treatment 
technologies. For instance, it allows the treatment of complex mixtures of 
pollutants, due to the non-specific character of the chemical reactions involved. 
Another advantage is the possibility of using solar radiation directly to power 
the process, which makes it a very attractive alternative from the 
environmental point of view. Solar photocatalysis is considered as an 
emerging development in the field of solar energy, with a potential to solve 
important environmental problems [5].  Photocatalytic degradation is more 





a promising technology.  Degradation of the pollutants in the water and air by 
means of heterogeneous photocatalysis with innovative catalysts continues to 
receive a great deal of attention.   
 
For TiO2-based photocatalytic reaction, upon the absorption of sufficiently 
energetic light (ì < 387 nm) by TiO2, an electron is promoted to the higher 
energy conduction band (CB), leaving a positively charged hole in the valence 
band (VB). The electron and hole can migrate to the surface of the 
semiconductor, and the redox reaction happens accordingly (Fig. 2.1).  The 
following are some major reactions. 
TiO2 + hν →  h+ + e-                    (1) 
H2O + h+ →  ·OH + H+                 (2) 
O2 + e- →  O2·¯                             (3) 
O2·¯ + H+ →  HO2·                        (4) 
2 HO2· →  O2 + H2O2                     (5) 
H2O2 + O2·¯ → ·OH + OH¯ + O2      
   (6) 
 
Fig. 2.1 Scheme of oxidation of pollutants (P) using TiO2 illuminated 






In the process of photocatalytic detoxification of water or air, as described 
previously, the semiconductor in contact with polluted water or air absorbs 
UV photons, which create electron-hole pairs in the material. These charge 
carriers may interact with molecules adsorbed in the solid-fluid interface, 
causing their oxidation or reduction. One of the key mechanisms to 
photocatalytic detoxification is the production of hydroxyl radicals, which 
have a large capability for oxidation of the pollutant molecules [89, 90].  
Sometimes the catalyst is fixed to a surface in contact with the fluid. In the 
case of water detoxification the semiconductor is often suspended in the fluid 
in the form of micro-particles.  The most widely used catalyst has been TiO2 
in anatase form.   
 
The small size of the catalyst particles causes a considerable amount of 
scattering in addition to the absorption of radiation.  Cabrera et al. [89] and 
Brandi et al. [91] have studied in detail the absorption and scattering 
properties of TiO2 particles.  They have conducted spectrophotometric 
experiments, from which they have calculated specific scattering and 
absorption coefficients for several commercial brands of particles as a function 
of wavelength. From their data, it can be observed that scattering is indeed 
much stronger than absorption for these particles.  In particular, for 
wavelengths below 385 nm, the amount of light scattered by a particle can be 
as much as five times the amount of light absorbed.  Meanwhile, in the visible 
part of the spectrum, where these particles do not absorb, scattering is still 






The absorption of radiation is the initiating step in photocatalysis, and any 
rational procedure for designing reactors and processes must include some 
way of calculating the amount of absorption.  The treatment of the radiation 
problem in photocatalytic reactors requires the consideration of scattering 
effects.  These effects modify significantly the absorption of radiation by a 
reactor, and it is therefore important to quantify them [92].  A few researchers 
have undertaken the calculation of radiation absorption inside photocatalytic 
reactors.  Among them, it is worth highlighting the work by Brandi, Alfano 
and coworkers [91], who have employed systematically the radiative transfer 
equation (RTE) to model several photocatalytic reactors.  Most of this work 
has been focused on lamp reactors, and some attention has been paid to solar 
reactors.  
 
Photocatalytic oxidation of organic compounds is of considerable interest for 
environmental applications and in particular for the control and eventual 
destruction (i.e., elimination) of hazardous wastes.  The complete 
mineralization (i.e., oxidation of organic compounds to CO2, H2O, and 
associated inorganic components such as HCl, HBr, SO42-, NO3-, etc.) of a 
variety of aliphatic and aromatic chlorinated hydrocarbons via heterogeneous 
photooxidation on TiO2 has been reported [5, 88]. The general classes of 
compounds that have been degraded, although not necessarily completely 
mineralized by semiconductor photocatalysis, include alkanes, aliphatic 
alcohols, carboxylic acids, alkenes, aromatics, haloaromatics, polymers, and 






In addition to organic compounds, a wide variety of inorganic compounds are 
sensitive to photochemical transformation on semiconductor surfaces.  
Examples include ammonia, azide, chromium species, copper, cyanide, gold, 
halide ions, iron species, manganese species, mercury, nitrates and nitrites, 
nitric oxide and nitrogen dioxide, nitrogen, oxygen, ozone, palladium species, 
platinum species, rhodium species, silver, and sulfur species among others [4, 
88, 93, 94].  In addition to the oxidative transformation of inorganic 
compounds, illuminated aqueous suspensions of semiconductors (CdS, CdSe, 
α-Fe2O3, TiO2, and ZnO) have been shown to generate significant 
concentrations of hydrogen peroxide H2O2 via reductive pathways.  This 
characteristic, combined with the relatively benign environmental effects of 
semiconductors, especially TiO2 and ZnO, may make semiconductor 
photocatalysis an attractive potential source of H2O2 production to be applied 
for contaminant destruction technologies [95]. 
 
TiO2 inactivation using different bacteria and viruses as models has been 
studied [96]. It has been generally accepted that the inactivation of 
microorganisms is mainly due to oxidative radicals (mainly •OH) produced by 
irradiated TiO2 (Eqs. 1-6).  The action of the radicals on the bacterial cell 
membrane leads to the perturbation of different cellular processes and finally 






2.6 Hybrid Membrane/Photocatalysis Process 
Hybrid membrane-photocatalytic reactor systems for the degradation of 
organic contaminants in water and wastewater are rather limited and are only 
studied by a few researchers.  The coupling of photocatalysis with membrane 
separation is regarded as a promising water treatment process [100, 101].  
Most of the research in this area is focusing on the degradation efficiency and 
kinetic study of certain contaminants, such as phenol, chlorophenols, 
nitrophenols (NPs), herbicides, organophosphorous insecticides, and dyes 
present in textile waste waters [88, 101, 102].  There are very few studies of 
degradation of EfOM in water reuse application.  The study of fouling control 
effect of the hybrid Membrane/photocatalysis process has not been explored. 
 
In all conventional approaches used to design the photoreactor, the non-
degradable molecules or their by-products are freely transported in the final 
stream producing a very inefficient system; furthermore, the photocatalyst is 
usually employed in suspension, so its recovery and recycle is another 
problem.  To overcome this issue, coupling photocatalytic and membrane 
techniques should result in a very powerful process with great innovation in 
water polishing and membrane fouling abatement.  In general, there are two 
ways to use TiO2 powder in a photocatalytic system: 1) in slurry form by 
suspending TiO2 particles in solution, and 2) in supported form by coating 
TiO2 particles onto a support media [101].  
 
Membranes can be used as the final catalyst separation process or the catalyst 





with the selective property of membranes to separate given molecules and/or 
ions, has already shown to be competitive with respect to other separation 
processes.  This is particularly true concerning energy costs, material recovery, 
reduction of the environmental impact and achievement of integrated 
processes with selective removal of some components [101].  When the 
process is integrated into the water or wastewater treatment train, such as the 
pretreatment of RO process, its advantages on membrane fouling control can 
be well exhibited. 
 
2.7 Membrane Fouling Reduction by Photocatalytic Pretreatment 
Many organic contaminants can be almost completely mineralized by 
UV/TiO2 photocatalysis.  Numerous studies [4, 88, 93, 94] have reported the 
effective degradation of various pollutants and dissolved organic substances, 
including pesticides, aromatic components, and volatile organics, humic 
substances, and NOM such as Suwannee River NOM (SRNOM) in water or 
airborne forms in the last decade.  Furthermore, innovative photocatalysts 
applicable in visible light range and optimization in configurations of reaction 
system, such as metal doped catalysts, membrane photoreactors, etc, have also 
been developed in many studies [4, 5, 103-105], but the application of 
photocatalysis as a pretreatment for membrane fouling reduction is limited.   
 
Le-Clech [4] studied the synergistic effects of the hybrid process to remove 
NOM at low concentration with 0.2 μm membrane as the catalyst’s separation 
media, but the fouling effect of treated water was not studied.  Our previous 





pretreatment in the fouling reduction of the hollow fiber UF membrane with 
MWCO of 6 kDa  by the secondary effluent [106], and significant NOM 
fouling reduction of a MF and a UF membrane by TiO2/UV photocatalytic 
oxidation was also reported by Huang et.al. [107].  However, photocatalytic 
degradation of the macromolecules, such as NOM, polysaccharides or proteins, 
and efficacy of this pretreatment measure on fouling of high pressure driven 
membranes, such as RO membrane, has never been explored. 
 
On the other hand, Song [108] used the homogeneous photocatalysis, 
UV/H2O2 to favorably control the organic fouling on NF membrane and the 
pre-oxidization process alters the structures of the organic matter.  
Accordingly, the hydrophobic interaction between the organic matter and 
membrane is greatly lowered.  Moreover, there is not the problem of catalyst 
separation in the process.  But the RO membrane material, such as the 
polyamide, is very sensitive to the oxidants, such as the chlorine, and 
hydrogen peroxide [108].  The long-term impact of the oxidants on RO 
membrane life span is still uncertain.  The oxidant, H2O2, under high 
concentration, will oxidize the membrane material, and safe concentration of 
H2O2 for RO membrane needs to be further studied if the process is to be 
applied in the RO process.  In addition, the absorption band of the H2O2 
overlaps with the absorption band for photocatalysis, which will lower the 
photocatalytic oxidization efficiency of the UV light.  A relatively low 
photocatalytic oxidization efficiency of UV/H2O2 than TiO2/UV was reported 
[107].  In contrast to the UV/H2O2 process, there is no oxidant addition in the 





process.  Additionally, the hybrid process, combining the virtues of membrane 
and nano-structured material-based photocatalysis, will be a promising 
pretreatment measure for organic fouling control in the RO system.  The 
changes of physicochemical properties such as molecular weight distribution, 
hydrophobicity, charge density, etc, after the pretreatment process and their 
relationship with the RO membrane fouling potential were addressed. 
2.8 Summary 
RO has been regarded as a promising technology for the reclamation and re-
use of water from non-traditional sources, such as municipal effluent and 
industrial wastewater especially under the circumstance of climate change and 
increased alarming stresses on the world’s water’s quality, quantity, and 
availability from expanding demands from industries and increasing world’s 
population.  However, fouling caused by organic matters from the sewage 
wastewater, is still an obstacle to the efficient application of this technology 
currently and in the long run.  Although there are wide disputes about the 
sequence of severity of major foulants in different studies, i.e., different type 
of membranes and feed waters, etc, hydrophobic NOM and microorganism 
related hydrophilic organic substance are generally regarded as major 
contributors to overall membrane fouling.  Conventional pretreatment methods, 
such as coagulation/flocculation, and even MF/UF membrane pretreatment 
have never satisfactorily prevented fouling associated with these aqueous 
biopolymers, including polysaccharides, protein, and NOM.  Therefore, these 
types of organic substances were taken as the model foulants in this study.  
Photocatalysis has been proven to be an efficient way to degrade these organic 





photocatalytic process, such as hydroxyl radical •OH, can attack virtually any 
organic pollutant and eventually mineralize them.  Furthermore, photocatalytic 
process can breakdown macromolecule into solutes of lower molecular weight, 
inducing changes in the physicochemical properties of the organic matters, 
such as molecular weight distribution, molecular morphology, and functional 
groups.  These changes may provide great potentials to lower organic fouling 
formation on membrane surface.  In this research, photocatalysis process was 
not expected to be used to completely mineralize organic foulants in the water 
to lower the organic load to membrane surface, but rather to alter the 
molecular morphology and functional groups to lower fouling potential on RO 
membrane.   
 
Although photocatalysis can be a promising way to degrade organic matters, 
many related problems need to be studied as a pretreatment method to control 
membrane fouling formation, for example, what is the major mechanism of 
fouling control by photocatalysis process?  What is the effect of the changes in 
physicochemical properties such as hydrophobicity, molecular weight 
distribution, and morphology of the major foulants on the membrane filtration 
process?  How to more efficiently control the oxidization effect of 
photocatalysis to get more favorable fouling control effects?  What are the 
effects of feed water properties and operation conditions on the fouling control 
efficiency?  Moreover, the effects of catalyst types and the role of the 
configuration of reactors need to be understood further.  Therefore, there are 
strong research needs to examine the mechanisms of membrane fouling 





reactor and the integration configuration of hybrid photocatalysis/membrane 
process.  The results will help to qualitatively and quantitatively understand 
the fouling behaviors of major organic foulants including polysaccharides, 





CHAPTER 3 MATERIALS AND METHODS  
 
3.1 Photocatalysis Experiments 
3.1.1 Catalysts 
The photocatalyst powder used in this work was commercial titanium dioxide 
(TiO2) nanoparticles, Degussa P25 (70% anatase, 30% rutile, average particle 
size of 21 nm, BET surface area of approximately 50 m2/g, Degussa AG, 
Germany), TiO2 anatase nanopowder (99.7%, spec. surface 200-220 m2/g,  
Aldrich Corp.), TiO2 rutile nanopowder (99.5%, spec. surface 130-190 m2/g, 
Aldrich Corp.), and ZnO nanopowder ( spec. surface 15-25 m2/g, Aldrich 
Corp.)  These catalysts were suspended in water at concentrations of 0.1, 0.5 
to 1 g/L for the research studies.  
 
3.1.2 Feed Water 
One of the feed waters used in this study was secondary effluent (before 
chlorination), which mainly composed of local domestic and industrial 
wastewater of Singapore.  The feed water was filtered with 0.45 μm 
hydrophilic PVDF (polyvinylidene fluoride) disk filter (Pall Corp.) to remove 
the colloids before the usage in experiments.  The major characteristics of the 
feed water used in the experiments are listed in Table 3.1.  
Table 3.1 The typical water quality of secondary effluent used 
in the experiments. 
 












Values 338-697 809-1556 
7.05-





On the other hand, the modeled waters of hydrophilic sodium alginate, a 
member of polysaccharide family, bovine serum albumin (BSA) protein and 
model NOM, Suwannee River NOM were also used in the study.   
 
Commercial sodium alginate (Sigma–Aldrich) was extracted from brown 
seaweed.  The commercial sodium alginate was received in powder form, and 
a stock solution (2 g/L alginate) was prepared by dissolving the sodium 
alginate powder in deionized (DI) water.  The stock solution was mixed for 
over 24 h to ensure its complete dissolution, and it was filtered through a 0.45 
µm disc filter (Pall Corp.)  The filtered stock solution was stored in sterilized 
glass bottles at 4ºC. 
 
Suwannee River NOM (SRNOM), was obtained from the International Humic 
Substances Society (IHSS) as a freeze dried powder (48.8% carbon, 7.0% ash).  
It has a molecular weight (MW) of 1.5-2.5 kDa, and is a humic-like and 
hydrophobic substance.  1 g/L stock solution, filtered by 0.45 µm PVDF 
membrane, was prepared.  SRNOM has been widely used as the model foulant 
in various fouling studies of RO membranes [26, 36, 109, 110]. 
 
Bovine serum albumin (BSA) (Sigma–Aldrich, US, 98% purity) was chosen to 
represent protein-like foulants.  According to the manufacturer, the molecular 
weight of the BSA is about 66 kDa.  BSA was reported to have an isoelectric 






Given the relatively low polysaccharide and NOM concentrations in RO feed 
water of wastewater reclamation process, the initial concentration of sodium 
alginate used was less than 20 mg/L TOC (70.7 mg/L by weight of alginate).  
The concentrations of degraded polysaccharide used in the experiments were 
less than 10 mg/L TOC.  The initial concentration of SRNOM was less than 
10 mg/L TOC (25.2 mg/L by weight of SRNOM).  The concentrations of 
degraded SRNOM used in the experiments were less than 5 mg/L TOC. 
 
3.1.3 Photoreactor and UV Source 
(1) External type UV lamps 
Photocatalytic degradation tests were carried out in a thermostatic (30 ± 1ºC), 
and magnetically agitated reactor and the schematic diagrams of the reactors 
are shown in Fig. 3.1.  The UV lamp was placed 10-12 cm directly above the 
solution surface in the reactor.  Three UV lamps were employed in the 
experiment, 365 nm black light low pressure mercury lamp, (FL 15BLB 15 W 
× 2, Sanyo Denki, Japan), germicidal 254 nm low pressure mercury lamp 
(Sunlite G20T10, 20 W × 2, USA) and customer-made medium pressure 
mercury lamp 400 W (XHDSHP-400, China) emitting visible and near-UV 
light.  The lamps were turned on for at least 30 min prior to irradiation of 
water samples to ensure uniform lamp output.  The UV intensities were 
measured with a digital spectrophotometer (Model E2, B.Hagner AB, Solna, 
Sweden).  At regular intervals of time, water samples of 30 mL were collected, 
filtered through a disc filter (pore size 0.45 μm, Pall Corp.) and analyzed with 






Fig. 3.1 Schematic diagram of photocatalytic reaction system.  
The system is composed of A. Thermostatic system, B. 
Magnetic stirrer, C. Reactor, D. external type mercury UV 
lamps.  
 
(2) Submerging type UV lamps 
Two batch membrane photoreactors were used to pretreat feed water for the 
RO membrane filtration process.  The schematic diagrams of the reactors are 
shown in Fig. 3.2.  Photocatalytic degradation tests were carried out in a 
thermostatic (25 ± 0.5ºC), magnetically agitated (100 rpm) and aerated (0.3 
L/min) cylinder shape reactor.  The effective volume of the reactor is 6.3 L.  
All the UV lamps used in the experiments were immersion type and tubes of 
UV lamps covered by quartz/glass tubes were operated under water.  Each 
reactor was installed with different types of UV lamps.  One was the 
germicidal 254 nm low pressure mercury lamp (UV immersion lamp 
TNN12/20, 12 W, Heraeus noblelight, Germany), and 2-4 lamps were equally 
distributed around the center of the reactor; the other UV lamp was a medium 
pressure mercury lamp (TQ718 Z4 700 W with Borosilicate glass cooling 














(b) Schematic diagram of medium pressure mercury UV lamp based 
photoreactor. 
 
Fig. 3.2 Schematic diagrams of two membrane photoreactors with 











Plate 3.2 The outside view of hybrid membrane/photocatalysis 
system.  
 
The lamps turned on for at least 30 min prior to irradiation of water samples to 
ensure uniform lamp output.  The UV intensities were measured with two 
digital spectrophotometers (Model IL1400A with the detector SEL 240, 
International Light, USA and USB4000, Ocean Optics Inc, USA) at the wall 





four directions along the wall at an angle interval of 90 degree and the average 
intensity was calculated as the final intensity value.  The UV spectrum of the 
low pressure UV lamp is mainly distributed near the wavelength of 253.7 nm 
and the total UV intensity less than 387 nm, namely useful for the electron 
motivation of TiO2 particles, was about 1.06 mW/cm2, as two low pressure 
UV lamps were evenly distributed with a distance of 12 cm each in the center 
of the reactor.  The UV light of the medium pressure UV lamp showed broad 
and intensive spectrum compared to the low pressure ones.  The spectrum 
mainly distributed near the wavelength UVA and UVB and the total UV 
intensity of one lamp less than wavelength of 387 nm was about 14.7 mW/cm2.  
Hollow fiber microfiltration membrane (0.2 µm pore size PVDF, Motian, 
China) with effective membrane surface of 517 cm2 was employed as the 
separation medium for TiO2 particles.  Two suction pumps (Master Flex 
77521-47&57, Cole-Parmer Inst.) were used to obtain permeate after the batch 
reaction.  At regular intervals of time, permeate from hollow fiber membrane 
was collected, and analyzed with HPLC-SEC and other tests. 
 
3.2 Crossflow RO Membrane Filtration Units 
A bench-scale crossflow RO membrane filtration unit was set up to carry out 
the fouling tests.  The schematic diagram of crossflow RO membrane filtration 
unit is shown in Fig. 3.3.  The filtration unit consisted of a membrane cell, 
high pressure pump (Hydra-cell pump, Wanner Engineering, USA), back-
pressure regulator (Swagelok, UK), bypass ball valve (Swagelok, UK), 
polypropylene feed water tank, digital flow meter (Optiflow 1000, Agilent), 





analogue pressure gauges (Swagelok, UK, US Gauge, USA), and digital 
pressure gauges (Cole-parmer, USA).   
 
Fig. 3.3 Schematic diagram of the bench-scale RO membrane filtration 
system.  
 
The digital flow meter was connected with a computer to continuously record 
the permeate flux.  The rectangular plate-and-frame membrane cell has a 
rectangular channel with dimensions of 5.5 cm in length, 3.0 cm in width, and 
0.2 cm in height, where a flat sheet membrane was held in the fouling test.  
The cross section of RO membrane cell is shown in Fig. 3.4. 
 






Temperature of the system was maintained at 25 ± 0.5ºC during the fouling 
experiments by a chiller that was connected to a stainless-steel coil submerged 
in the feed water tank.  The system was operated in a closed-loop mode with 
both permeate and retentate being circulated into the feed tank. 
 
Plate 3.3  Photo of bench-scale RO membrane filtration system. 
 
3.3  RO Membrane Fouling Experiments  
Fouling experiments were carried out at controlled hydrodynamic conditions, 
i.e., the same initial permeate flux of 1.7 ± 0.04×10−5 m/s (or 61 ± 2.4 L/m2·h) 
and the same crossflow velocity of 4.5 ± 0.1 cm/s.  The experimental protocol 
included three steps.  RO membrane was first compacted with DI water at 420 
psi (28.6 bar) for 18 h until the permeate flux stabilized.  Then, the membrane 
was stabilized and equilibrated with a foulant-free electrolyte solution (for 
example, 10 mM ionic strength at ambient pH) for 6 h.  The operating pressure 
during equilibration ranged from 250 to 350 psi (19.3–24.1 bar).  After 
equilibrating with the electrolyte solution, fouling test was initiated by 
injecting organic foulants into the feed tank containing the foulant-free 
electrolyte solution.  Each fouling run was performed for about 20 h.  The 





The RO Membrane used in the fouling experiments was polyamide RO 
membrane (YMAGSP3001, GE Osmonics ) with a rejection of 99.5% and a 
typical flux of 44 L/ (m2·h) at a pressure of 225 psi (15.5 bar). 
 
All chemicals used to adjust the solution chemistry were reagent grade.  In 
some experiments, CaCl2 (Fisher Scientific, Pittsburgh, PA) was added at a 
concentration of 0.5 or 1 mM to study the effect of divalent cations on fouling.  
The desired total ionic strength was obtained by adjusting the concentration of 
NaCl (Fisher Scientific). 
 
3.4 Analytic Methods  
3.4.1 Total Organic Carbon 
TOC was measured by 1010 Total Organic Carbon Analyzer (O. I. Analytical, 
College Station, TX, USA).  Water samples were filtered through 0.45 μm 
PVDF disc filters (Pall corp.) or 0.2 μm hollow fiber membranes to reject 
TiO2 particles prior to TOC measurement. 
 
3.4.2 Molecular Weight (MW) Distribution 
The water samples after each pretreatment were subjected to molecular weight 
distribution measurement.  High pressure liquid chromatography-size 
exclusion chromatography (HPLC-SEC, Shimadzu Class VP series Shimadzu 
Corp., Japan) with UV detector was used to determine the MW distribution of 
the water samples.  The validity and accuracy of this method on sodium 
alginate has been proved by the research work of Ci et al. [112].  Standards of 





and 13,000 Da) were used to calibrate the equipment.  One column (PL 
aquagel-OH 30 8 µm 300 × 7.5 mm) was used to cover a molecular weight 
range of 100-30,000 Da.  The column temperature was maintained at room 
temperature and the mobile phase (phosphate buffer (0.0026 M KH2PO4 + 
0.0023 M K2HPO4 + 0.090 M NaCl) at pH 6.8, producing an ionic strength of 
0.1 M) flow rate was maintained at 0.7 mL/min.  
 
Plate 3.4 High pressure liquid chromatography-size exclusion 
chromatography (HPLC-SEC). 
 
3.4.3 UVA254, and Colour measurement (UVA430) 
Ultraviolet absorbance at 254 nm wavelength (UV254) of the samples was 
measured with Shimadzu UV-160A UV-Visible Spectrophotometer 
(Shimadzu Corp., Japan), and specific UV254 absorbance (SUVA254) was 
calculated by dividing the UV254 absorbance with its respective TOC 
concentration.  Color (UVA430) was measured as the absorbance of the sample 
at a 430 nm wavelength by Shimadzu UV-160A UV-Visible 






3.4.4 Contact Angle  
The contact angle was used to estimate the surface hydrophobicity of fresh 
membrane and fouled membrane surface.  The value of contact angle was 
obtained using sessile drop method via a goniometer (Rame-Hart, USA).  0.5 
μL of DI water was dipped onto a dried membrane surface and the contact 
angle was measured within approximately 10 sec.  Each sample was measured 
eight times at different location on the same membrane, and the average and 
standard deviation were calculated.  
 
3.4.5 Zeta Potential  
Zeta potential and particle size of the sample solution were measured using a 
Zeta Plus apparatus (Brookhaven Instr. Corp., USA).  Zeta-potentials of the 
fresh and fouled membrane were measured with an EKA Electro-Kinetic 
Analyzer (Anton Paar, GmbH, Austria).  A Polyethylene (PE) sheet was taken 
as reference surface, and zeta potentials of the fouled membrane were 
calculated according to the equation: ζfoul=2ζfoul-ref-ζref-ref, where ζfoul-ref is the 
zeta potential between fouled membrane and reference PE surface, and ζref-ref 







Plate 3.5 EKA Electro-Kinetic Analyzer for Zeta potential testing. 
 
3.4.6 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR was used to determine the characteristics of functional groups of fresh 
and fouled membranes.  Membrane specimens were examined by FTIR 
Microscope (Varian 3100 FTIR associated with Varian 400 UMA FTIR 
Microscope, Varian Inc. USA).  Spectra were obtained by averaging 128 scans 
with a wavenumber resolution of 4.0 cm-1. 
 







3.4.7 Excitation emission matrix (EEM) fluorescence spectroscopy and 
Synchronous fluorescence (SF) spectroscopy 
 
Three-dimensional excitation–emission-matrix (EEM) fluorescence 
spectrometry was used to characterize the dissolved organic matters in the 
water samples.  All EEM spectra were measured using a luminescence 
spectrometry (LS-55, Perkin-Elmer Co., USA).  The EEM spectra of the raw 
and preoxidized water samples were collected with subsequent scanning 
emission spectra from 300 to 500 nm at 0.5 nm increments by varying the 
excitation wavelength from 200 to 400 nm at 5 or 10 nm increments.  
Excitation and emission slits were both maintained at 12 nm, and the scanning 
speed was set at 600 nm/min for all measurements.  A 290 nm emission cutoff 
filter was used for scanning to eliminate the second-order Raleigh light 
scattering.  The first order Raleigh light scatter effect [113-115] was obvious 
in the EEM spectra of the samples, and it was not eliminated in the final 
handling of EEM data by using the system FL WinLab software or other 
spectrum processing software.  Three-dimensional EEM spectra were plotted 
as contour maps.  The X-axis represents the emission spectra from 300 to 500 
nm, while the Y-axis is the excitation spectra from 200 to 400 nm.   
 
Plate 3.7 Excitation emission matrix (EEM) fluorescence and 






Synchronous fluorescence spectra (SF) were collected by three-dimensional 
simultaneous excitation and emission scans with seven constant wavelength 
differences ranging from 11 to 77 nm between excitation and emission 
monochromators at 11 nm increments.  SF spectra at certain constant 
difference with good peak resolutions (for example, 44 nm) were used to 
characterize the dissolved organic matters.  The SF spectra were smoothened 
with a quadratic Golay-Savitzky filter and the excitation wavelengths in SF 






CHAPTER 4 NANO-SIZE TITANIA 
PHOTOCATALYSIS FOR ORGANIC FOULING 
ABATEMENT IN RO PROCESS IN THE RECLAMATION 
OF SECONDARY MUNICIPAL EFFLUENT  
 
4.1 Introduction 
Reverse osmosis (RO) has been increasingly applied in brackish/seawater 
desalination, drinking water treatment, and water reuse, and it is regarded as 
promising and effective technology in water separation application, especially 
with the decreasing of cost and functional improvement in membrane 
materials.  The market of membrane-related water and wastewater industry is 
expected to dramatically expand in the coming decades.  Nowadays, with the 
alarming trend in water scarcity and degradation of water quality around the 
world, advanced wastewater reclamation process using RO membranes is of 
particular interest.  Microfiltration (MF) or ultrafiltration (UF) pretreatment 
followed by the RO membrane process to remove suspended and colloidal 
matters is becoming the typical scheme of many advanced water reclamation 
plants.  But fouling caused by organic matters is still a challenge for the 
effective application of membrane technology due to the presence of a 
significant amount of organic substances in secondary effluent, known as 
effluent organic matters (EfOM) [65, 116].   
 
EfOM has been recently identified to be a heterogeneous organic matrix 
comprising soluble microbial products (SMP) or extracellular polymeric 
substances (EPS), refractory humic substances (NOM) conveyed from 





compounds (SOC) [24, 25].  These biopolymers, present in the form of 
macromolecules with high molecular weights in comparison to their charge 
densities, usually demonstrated hydrophobic propensity, making them easily 
aggregate each other and adhere to a hydrophobic surface such as membrane.  
For example, NOM, mainly composed of HA- and FA-like substances, was 
one of the major foulants in many membrane processes including MF, UF and 
RO, etc, especially for hydrophobic membrane surface [117].  The prominent 
fouling trend of hydrophobic fraction in comparing to other fractions, was also 
observed in the membrane fouling studies by different organic fractions 
isolated by XAD-8 and XAD-4 resins [30, 117].  Moreover, the hydrophobic 
fraction is usually the most dominant portion of the whole organic substances 
in secondary effluent [117].  Therefore, lowering the fouling tendency of 
hydrophobic organic matters is one of the key approaches to control 
membrane fouling caused by organic substances. 
 
Pretreatment process is critical to the success of RO-based water reclamation 
process.  Pretreatment techniques such as coagulation/flocculation or 
adsorption processes have been widely studied and applied to reduce the rate 
of fouling in membrane process.  However, these conventional pretreatment 
methods generally have never satisfactorily prevented fouling by the 
macromolecules of EfOM.  For example, the most frequently used 
pretreatment measures, like coagulation/flocculation, is more efficient in 
removing colloids and particles.  Moreover, for the case of secondary effluent 
fed to RO membrane, EfOM usually possesses relatively low organic 





conventional pretreatment processes [4].  On the other hand, as the coagulant 
dosage generally plays a critical role on the stable operation of whole process, 
improper dosage could also worsen membrane performance [118].  Therefore, 
new pretreatment measures should be developed to address this issue.   
Photocatalysis has been regarded as a promising technology for environmental 
clean-up.  Photocatalysis was applied to degrade dissolved organic matters 
such as NOM, humic acid [4, 88, 93, 94] and a wide variety of refractory 
contaminants such as pesticides, aromatic components, etc.  
 
Photocatalytic reaction can also be applied to effectively break up 
macromolecules in secondary effluent and decrease the hydrophobicity of 
EfOM, which can be an alternative mean for fouling reduction in membrane-
based water and wastewater treatment process.  This approach is targeted at 
EfOM property alteration instead of completely removing them.  The 
objective of the study in this section was to investigate the impact of TiO2 
photocatalytic pretreatment on the fouling behaviors of RO membrane by 
EfOM, and to reveal the mechanism of changes in fouling potentials under this 
new pretreatment.  In this study, a batch photoreactor, equipped with external 
type low pressure or medium pressure mercury UV lamps, was used as 
pretreatment measure for RO membrane process in the filtration EfOM 
solutions.  The influence of photocatalytic reaction on fouling potentials of 
EfOM under different reaction conditions and changes in physicochemical 






4.2 Photocatalytic Oxidation of EfOM 
Photocatalytic oxidation experiments were performed using the external type 
photo-reactor as shown in Fig. 3.1 to evaluate the efficiency of photocatalysis 
treatment of EfOM under various catalyst types and concentrations and 
different water chemistries.   
In the presence of photocatalyst and UV light, the EfOM can be degraded 
gradually.  In TiO2 mediated photocatalytic degradation of organic pollutants, 
numerous studies [5, 88, 119] have reported that the initial rate r, of 
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where θ is the coverage, c is concentration of the species S, and K(S) 
represents the Langmuir absorption constant of the species S on the surface of 
TiO2, and k(S) is a proportionality constant which provides a measure of the 
intrinsic reactivity of the photoactivated surface with S.  It is found that k(S) is 
proportional to the fraction of O2 adsorbed on TiO2 and the rate of light 
absorption [119].  
 
For the dilute solution of the organic matters in the study, K(S)c«1, the 
apparent first-order constant K of the degradation process (generally in min-1) 
were obtained from kinetic analysis.  The pseudo first-order kinetics with 
respect to the dissolved TOC under external medium pressure UV lamp and 





wastewater was 7.8 mg/L.  The apparent first-order constant K of the 
degradation process (generally in min-1) could be obtained from experimental 
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where c0 is the initial concentration of the reactant, c is the concentration (in 
mg/L) of the reactant at the illumination time (t) in min.  Once plotted 
according to the above equation, data presented a linear correlation with R2 > 
90%.  The K values under different concentrations of catalysts and types are 
shown in Table 4.1.  The TOC degradation rate K was deeply affected by the 
concentrations of catalysts, and 0.5 g/L P25 TiO2 was the optimal 
concentration for TOC degradation, compared with other concentrations under 
the experimental condition.  The effective diameters of P25 TiO2 particles 
under different pH values (2-11) and concentrations ([TiO2] = 0.05-0.5 g/L) 
were measured using a Zeta Plus apparatus (Brookhaven Instr. Corp., USA).  
TiO2 P25 nano-particles tend to aggregate to form larger particles. Under 
current experimental condition, as shown in Fig. 4.1, the effective diameters of 



























Fig. 4.1 The effective diameters of P25 TiO2 particles under different 
pH and concentrations.  
 
For the heterogeneous photocatalysis reaction, the active surface of catalysts is 
one of the major factors influencing the photocatalysis degradation efficiency.  
As the concentration of catalyst increases, the amount of surface that is 
catalytically active increases, promoting the oxidation rate.  At the same time, 
the turbidity of the suspension increases with the dosage, reducing the 
effective UV irradiation, and comprising the degradation rate.  As shown in 
Fig. 4.2, as TiO2 increased from 0.5 to 0.8 g/L in the reaction, the TOC 
removal efficiency, instead, was hardly changed due to the UV light blocking 
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Fig. 4.2 The photocatalytic degradation kinetics under different 
catalyst concentrations of P25 TiO2. 
 
In addition, the degradation efficiency of three TiO2 nano-sized catalysts, P25, 
anatase, rutile and one ZnO nano-particle under the 365 nm medium pressure 
UV lamp was also compared in Fig. 4.3 and the degradation rate, K, is 
provided in Table 4.1.  At the same catalyst concentration of 0.5 g/L, anatase 
nanopowder exhibited the highest TOC removal efficiency, while that of the 
rutile phase TiO2 nanopowder was the lowest.  The efficiency of P25 was just 
between them, and this was also in accord with the catalyst’s composition, 
about 70% of which is anatase phase TiO2.  The experiment showed that the 
anatase phase TiO2 was the major component which was responsible for the 
effective TOC degradation.  This coincided with many previous researchers’ 
work reporting that anatase TiO2 is a more catalytically active form than rutile 
[120-122].  The factors, such as more positive position of rutile than anatase in 





rutile and higher oxygen adsorption capacity of anatase, contribute to better 
photocatalytic activity of anatase than rutile [121].   
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Fig. 4.3 The photocatalytic degradation kinetics of EfOM under 
different catalysts.  
 
On the other hand, the efficiency of other semiconductors like ZnO 
nanoparticles with equal concentration of TiO2 was also compared.  Although 
ZnO has the same band gap of 3.2eV as TiO2 and it was often used in various 
photocatalysis reactions, it demonstrated a much lower efficiency in 
photocatalytic degradation of aqueous organic pollutants than TiO2, 











Table 4.1 The degradation rate K of photocatalytic reaction 
under different catalyst concentrations and types. 
 
Effect of Catalyst conc. Effect of Catalyst type 
TiO2 conc. (g/L) K (min-1) Catalysts K (min-1) 
0 0.00042 P25 0.0021 
0.05 0.00075 Anatase 0.0034 
0.1 0.00096 Rutile 0.00061 
0.5 0.0020 ZnO 0.00074 
0.8 0.0021   
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Fig. 4.4 The effect of pH on photocatalytic degradation kinetics. 
 
Meanwhile, the pH value of the solution has been regarded as an important 
parameter affecting the kinetics of photocatalytic reaction.  In the experiments, 
the initial TOC concentration of wastewater was 7.8 mg/L and the TiO2 P25 
concentration was 0.3 g/L.  The pH was adjusted by HCl and NaOH.  The 
kinetic curves at four pH values of 3.31, 4.35, 7.82, and 8.43 are presented in 
Fig. 4.4.  The results demonstrated that pH value had significant influence on 
the degradation efficiency and at low pH values the degradation rates tended 
to be high.  Degradation rate of EfOM increased quite substantially with the 





about pH = 4.35, the reaction demonstrated the highest degradation rate of 
0.0039 (min-1) among the four pH conditions.  This can be explained from the 
overall reaction equation as follows [104],  
 
 
2 2 2 22H O + 2TiO (h ) + 2TiO (e ) + O 3OH  + OHvb cb
+ − − −⋅ → ⋅ (4.3) 
 
 
The increase in the concentration of [H+], consuming the reactant OH—, is 
helpful for the production of hydroxyl radical [•OH], one of the critical 
oxidants responsible for organic degradation.  On the other hand, the 
adsorption of pollutants at TiO2 surface is a critical step in photocatalytic 
reaction [5, 123].  The isoelectric point of TiO2 is about 5.7-7.5 [124, 125].  
TiO2 charges are dependent on the pH.  In an alkaline environment, TiO2 
particles are negatively charged and they tend to absorb positively charged 
organic molecules.  Many studies also reported that the extent of adsorption of 
anionic species on TiO2 decreases significantly at higher pH values [5, 126, 
127].  At low pH values, by contrast, TiO2 is positively charged and 
consequently the negatively charged organics can be easier degraded.  The 
treatment of the wastewater at acid medium is favorable due to the generally 
negatively charged organic substances in wastewater as a result of adsorption 
of anions or the presence of negatively charged groups such as oxygen, 
hydroxyl, carboxylate groups in the organic matters.   
Table 4.2 The degradation rate K of photocatalytic reaction under 
different pH values. 
 
pH 3.31 4.35 7.82 8.43 






UV source is another critical factor affecting the degradation efficiency of 
EfOM.  The reaction kinetics of three commercially available external types of 
UV lamps, 365 nm black light low pressure mercury lamp, germicidal 254 nm 
low pressure mercury lamp, and customer-made medium pressure mercury 
lamp, are shown in Fig. 4.5.  Medium pressure mercury lamp demonstrated the 
highest TOC removal efficiency, while 365 nm black light fluorescent lamp 
was the lowest.  The differences in degradation rate were in accord with the 
UV intensities, as shown in Table 4.3.   
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Table 4.3 The degradation rate K of photocatalytic reaction under 
different UV source. 
 
UV sources UV Intensity 
(mW/cm2) 
K (min-1) 
365 nm medium pressure 6.73 0.0025 
254 nm low pressure 2.14 0.0018 






Medium pressure mercury lamp produced the highest UV intensity of 6.73 
mW/m2 and the degradation rate of reaction was the highest at 0.0025 min-1.  
Moreover, it was also noted that the TOC removal ratio under direct UV 
irradiation was low, just about 3.2, 4.6 and 9.1% for 365 nm low pressure, 254 
nm low pressure and 365 nm medium pressure lamp, respectively, after the 
first 60 min of irradiation.  Therefore, the enhanced production of oxidants 
under UV source with higher intensity was the major reason for the improved 
degradation efficiency.  Still, it was noteworthy that the germicidal 254 nm 
UV lamp with mainly UVC output displayed the highest energy efficiency, 
producing the degradation rate of 0.0018 min-1 with just about 40 W power 
input.  This indicates that 254 nm lamp has more advantage in terms of energy 
saving with relatively high organic removal as well.  The energy efficiency of 
medium pressure UV light, in contrast, was quite low due to the relatively 
high power consumption on visible light spectrum emission. 
 
4.3 EfOM Fouling on RO Membrane 
4.3.1 Fouling Potential 
After removing TiO2 particles by MF membrane filtration and centrifugation 
(8,000 rpm, 40 min), the photocatalytically treated EfOM solutions were fed 
into the bench-scale RO membrane unit to test the fouling potentials.  The 
fouling potential of feed water is defined as the increment of membrane 
resistance per unit volume of permeates collected for a unit area of membrane 
surface, a crucial parameter to quantitatively examine the fouling tendency of 












−=  (4.4) 
 
 
where k is the fouling potential, Rt is the resistance of the membrane at a given 
time t, R0 is the clean membrane resistance, and Vt is the total volume of 
permeate per unit membrane area generated at a given time t from the 
beginning of the filtration process.  A new method, nonlinear least squares 
fitting, was performed in this study to calculate the k value, with the following 
discrete form of flux and fouling potential equation.  More accurate k value 
can be obtained through the best fitting of i+1 pairs of data with fitting 
function Eq. (4.5) and the fitting result is shown in Fig. 4.6.  More detailed 
calculation method and accuracy examination can be found in Chapter 5. 
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where ∆P is the net driving force (driving force minus osmotic pressure), v is 
the permeate flux, at a given time t, and ∆t is the time interval between vi+1 
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Fig. 4.6 Calculation of the fouling potential k value by nonlinear least 
squares fitting.   
 
























Fig. 4.7 The comparison between the experimental and simulated 
permeate fluxes with the new fitting method. 
 
The accuracy of the fouling potential value determined by the nonlinear least 
squares fitting approach was tested by comparing the experimental permeate 





lines were obtained by substituting the fouling potential k into the cake 
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where ∆P is the net driving force (driving force minus osmotic pressure), v is 
the permeate flux, at a given time t, v0 is the initial or clean membrane 
permeate flux and R0 is the clean membrane resistance.  For clarity, one time-
dependent flux profile together with the simulated points obtained from Eq. 
(4.6) was plotted in Fig. 4.7.  The simulated and experimental flux decline 
data were found to fit extremely well.  Similarly, good fits were observed for 
other experiments conducted.  This provided substantial verification 
supporting the determination of the fouling potential by the simple method 
described above. 
 
4.3.2 Effect of Photocatalysis on Fouling Behaviors of EfOM 
The comparison of flux profiles of two raw secondary effluents from local 
wastewater treatment plants after photocatalytic preoxidization are shown in 
Fig. 4.8.  At equal TOC concentration of 7.8 mg/L, the comparison of fouling 
behaviours between raw and 40 min of preoxidized secondary effluents are 
displayed in Fig. 4.8a.  The initial concentration of secondary effluent1 was 
8.4 mg/L TOC and it was diluted to 7.8 mg/L, equal to the concentration of 
preoxidized secondary effluent before the RO fouling test.  The fouling of 
preoxidized secondary effluent1 was greatly lowered after 40 min of 





light, and the fouling potential, k, was significantly reduced to 2.33×1010 
Pa·s/m2, declining by 75.1%.  The significant reduction of fouling potential 
particularly under equal organic amount indicated that the changes in 
physicochemical properties of EfOM introduced by photocatalysis oxidization 
and the formation of less fouling degradation products might be the major 
reason of fouling reduction.  As secondary effluent was composed of 
complicated heterogeneous organic matrix, the overall fouling behaviour after 
photocatalysis was affected by the properties of various organic matters.  In 
order to better understand the fouling reduction mechanism under 
photocatalysis degradation, the model natural organic matter, Suwannee River 
NOM (SRNOM), which has relatively simpler composition and was widely 
used in membrane fouling studies [36, 109, 129], was used in the test.  The 
fouling behaviours of raw and preoxidized SRNOM are shown in Fig. 4.9.  
The organic concentrations of both raw and preoxidized SRNOM were fixed 
at 5.2 mg/L TOC.  Ca2+ concentration was fixed at 1 mM, and total ionic 
strength of the feed solution was fixed at 10 mM using NaCl.  As illustrated in 
Fig. 4.9, the fouling of preoxidized SRNOM was lessened even in the 
presence of relatively high calcium concentration, and accordingly, the fouling 
potential dropped by 65.9%, to 1.12×1010 Pa·s/m2, confirming that 
photocatalytic reaction could transfer aqueous organic matters into substances 
with less fouling potential and property changes of organic substances were 
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Fig. 4.8 Changes of fouling behaviors of two preoxidized wastewater 
after photocatalytic pretreatment; (a) Normalized permeate 
flux of raw secondary effluent1 and 40 min oxidized one; (b) 
Normalized permeate flux of raw secondary effluent2 and 150 
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Fig. 4.9 The comparison of fouling behaviors between raw and 
preoxidized SRNOM of equal organic concentration of 5.2 
mg/L as TOC. 
 
The changes in fouling behaviours after a relatively longer reaction time were 
also compared as illustrated in Fig. 4.8b.  Similarly, more significant fouling 
reduction trend was also displayed in the preoxidized wastewater after 150 
min of degradation, and fouling potential of preoxidized water declined by 
83.2% to 3.72×1010 Pa·s/m2.  The TOC concentration of secondary effluent 
was 6.4 mg/L while that of preoxidized water was 4.1 mg/L.  The improved 
fouling potential reduction can be in part attributed to organic removal by 
photocatalytic oxidization, indicating that longer oxidization time had extra 
advantage for fouling reduction by organic removal.  In order to further 
examine the fouling behaviours not influenced by the difference in organic 
concentrations, the permeate fluxes of raw and preoxidized water under equal 
amount of delivered organic matters were calculated and compared.  As shown 





preoxidized water compared with raw water and the advantage increased with 
the increase of organic load.  







 Raw sec. effluent











Fig. 4.10 The comparison of the permeate flux between raw 
secondary effluent and 150 min preoxidized one under equal 
amount of delivered organic matters. 
 
4.4 Changes in the Physicochemical Properties of EfOM  
The property changes of EfOM, to some extent, were reflected by the fouling 
behaviours.  The oxidation progress was closely associated with the molecular 
properties, such as the morphology and aromaticity of organic components, 
and correspondingly affected the fouling potential of oxidized secondary 
effluent.  
 
4.4.1 Molecular Weight Distribution 
Generally speaking, long chain molecules or macromolecules have more 
negative effect for the fouling control than micromolecules [8].  The 
transformation from macromolecules to small molecule decreases the 





membrane surfaces [108].  Therefore, the reduction in molecular size, to some 
extent, might contribute to the decrease of fouling potential.  Compared with 
preoxidized effluent, the raw effluent had relatively larger molecular size, as 
shown in Fig. 4.11.  Some large molecules, about 20k Da, appeared in the raw 
water, while that peak almost disappeared in the treated effluent as the result 
of the cleaving effect of photocatalytic reaction where macromolecules were 
broken down into smaller ones. 
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Fig. 4.11  MW distributions of secondary effluent and UV/TiO2 treated 
secondary effluent measured by the HPLC-SEC with UV 
detection at 254 nm. 
 
In addition, the smaller molecules in the raw water, as the sharp peak shown at 
about 1000 Da, also disappeared, which was likely ascribed to the 
mineralization of small organic molecules.  The test also showed that the 
molecular weight distribution of the treated effluent was narrowed down (from 
about 1000 Da to 6000 Da, after 150 min  of reaction at 0.5 g/L P25 TiO2) 
compared with that of the raw effluent (from about 300 to 20,000 Da).  The 





weight (Mn), Mw/Mn, an indicator of polydispersity of biopolymers, changed 
from 2.35 to 1.21.  This suggested that the dissolved organic components in 
the treated secondary effluent became simpler after pretreatment.  Another 
distinctive feature was that the amplitudes of peaks of treated water were 
greatly reduced, indicating that concentrations of the organic matters were 
reduced after the reaction as well.   
 
Meanwhile, concentrations of catalysts also greatly affected the oxidation 
extent of organic substances.  Higher catalyst concentration, producing a 
stronger degradation environment, displayed relatively narrower molecular 
weight distribution with the same UV exposure length, as shown in Fig. 4.11. 
 
4.4.2  Hydrophobicity (SUVA and Contact angles) and Color of EfOM 
 
It has been reported that hydrophobic interaction, a natural tendency of 
attraction between the organic compounds and membrane surface, played an 
important role in the membrane fouling process.  And the hydrophobic 
interaction among organic substance makes the macromolecules tend to 
accumulate among each other.  Similarly, hydrophobic adhesion between 
organic molecules and membrane surface tends to deposit organic substances 
onto the membrane surface [65, 130].  Generally, the higher the 
hydrophobicity of a chemical species, the higher the tendency for membrane 
to foul [131].  The hydrophobic macromolecules, such as humic and fulvic 
substances, which usually have high molecular weight in comparison to their 
charge densities, were widely regarded as one of the most important organic 





changes in hydrophobicity of EfOM solution and membrane surface after 
photocatalytic reaction, characterized by UV absorbance and contact angle 
respectively, therefore, were studied.  Specific ultraviolet absorbance at 254 
nm (SUVA254) has been widely applied to estimate aromatic content of DOM 
[48], and it was used in this study to signify the changes in hydrophobicity of 
EfOM. 
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Fig. 4.12 Changes of TOC and SUVA254 as a function of reaction 
time. 
 
Fig. 4.12 illustrates the changes of TOC and SUVA254 of EfOM as a function 
of reaction time in photocatalytic reaction.  Anatase phase TiO2 was used as 
catalyst and two catalyst concentrations of 0.1 and 0.5 g/L and medium 
pressure UV lamp were adopted.  Under both catalyst concentrations ([TiO2] = 
0.1 and 0.5 g/L), photocatalytic oxidation for the first 30 min significantly 
reduced SUVA254 by 44.1 and 45.7%, respectively, but the SUVA254 
decreased gradually subsequently, which suggested that significant structure 





ring structures of EfOM, occurred at the beginning of the reaction.  In contrast, 
significant decreasing trend in TOC only happened in the reaction with TiO2 
concentration of 0.5 g/L, while the reaction with 0.1 g/L TiO2 only lowered 
TOC by 11.2% within even as long as 120 min.  The significant difference in 
the changing trend of SUVA254 and TOC implied that using even a relatively 
small amount of catalysts could effectively reduce the hydrophobicity of 
EfOM to almost the same extent as that under relatively higher concentration 
with same reaction time, while a larger quantity of catalysts could significantly 
remove the organic contents as well. 
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Fig. 4.13  Changes of Color430 and SUVA430 as a function of 
reaction time. 
 
The EfOM solution usually demonstrated yellow-brown color, which possibly 
due to the presence of humic substances, a complex and heterogeneous 
organic matrix with high hydrophobicity [134, 135].  The UV absorbance 
values at 430 nm, defined as Color430, and specific ultraviolet absorbance at 





to signify the color properties of NOM [136, 137].  These two parameters 
were used to quantify the color changes of EfOM samples after photocatalytic 
reaction.  Fig. 4.13 displays color removal and changes of SUVA430 at pH 
values of 3.31 and 4.35 under the condition of P25 [TiO2] = 0.3 g/L and the 
irradiation of medium UV lamp.  In the first 30 min of reaction, the SUVA430 
of EfOM solution was greatly reduced by 90.7 and 95.2%, for pH = 3.31 and 
4.35, respectively.  The SUVA430 values remained at a quite low level to 
almost zero subsequently.  Similarly, significant Color430 removal ratio of 
above 90.1%, appeared in the first 30 min of reaction in both pH conditions, 
and no more significant increases in removal rate were observed subsequently.  
It was also noted that all the color removal ratios at pH = 4.35 were higher 
than those at pH of 3.31, in accord with the TOC removal kinetics, where 
more efficient TOC removal were exhibited at pH of 4.35.  These great 
reductions in color further confirmed the cleaving of hydrophobic 
macromolecules by photocatalysis and transformation of hydrophobic 
fractions into much less hydrophobic ones.  This could be efficiently achieved 
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Fig. 4.14 Correlation between contact angle values (n = 8, standard 
deviation indicated by error bar) of fresh and fouled 
membrane surfaces and SUVA254 and TOC of sample feed 
waters.  
 
Hydrophobicity of membrane surfaces can usually be characterized by contact 
angle.  Generally, the larger the contact angle, the more hydrophobic the 
membrane surface is.  The contact angles of fresh and fouled membrane 
surface are shown in Fig. 4.14.  The values of the contact angles were the 
average of eight testings, and standard deviation was indicated by error bars.  
The correlation between contact angle values of the fouled membrane surface 
and SUVA254 and TOC of sample feed EfOM waters was studied.  As shown 
in Fig. 4.14, fouling by both raw and treated secondary effluents increased the 
hydrophobicity of fresh membrane due to the deposition of organic substances.  
Raw secondary effluents1 and 2 increased the contact angle of fresh 
membrane by about 51.0 and 36.1%, to 81.8 and 73.7º, respectively, while 
preoxidized secondary effluents did not increase the contact angle that much, 
about 12.9 and 8.5%, respectively.  These clear differences in increment of 





the hydrophobicity of feed waters characterized by SUVA254.  The higher the 
SUVA254 values of feed waters, the larger the contact angles were.  Especially, 
for the case of secondary effluent1 and its oxidized water of equal TOC 
concentration, the hydrophobicity of oxidized water fouled membrane surface 
was remarkably lower than that of raw secondary effluent fouled surface, 
suggesting that the hydrophobicity of feed waters could be reflected on the 
fouled membrane surface.   
 
The changes in physicochemical properties of foulants by photocatalytic 
pretreatment also significantly influenced the surface properties of fouled 
membrane and consequently affected the fouling behaviours of feed waters.  
This observation also indicated that the changing of properties of organic 
matters, such as lowering the hydrophobicity of the feed waters by 
photocatalytic oxidization, namely decreasing the hydrogen bonding energies 
associated with sorption of hydrophobic EfOM on membrane surfaces, could 
be a possible direction to reduce membrane fouling by hydrophobic organic 
matters.  It was also noteworthy that the gap in contact angles between 
secondary effluent2 and its corresponding oxidized water was slightly larger 
than that of secondary effluent1.  So did the SUVA254 values.  This could 
partly be ascribed to the difference in TOC concentration between secondary 
effluent2 and its oxidized water after relatively longer time of reaction than 
secondary effluent1.  Therefore, a longer period of oxidization seemed to be 






4.4.3 Fluorescence Spectrum of EfOM 
Three-dimensional EEM and SF spectrometry were used to characterize the 
raw and preoxidized EfOM in water.  The EEM spectra of the raw and 
photocatalytically oxidized secondary effluents are shown in Fig. 4.15.  Two 
pronounced bands, at Ex/Em of 240-270/410-450 nm and 320-350/420-450 
nm, were observed in the EEM of the raw secondary effluent.  As reported in 
many previous studies [138-140], a fluorophore with Ex/Em of 250–260/380–
420 nm corresponds to humic-like material, whereas the second fluorophore 
with Ex/Em of 330–350/420–480 nm appeared to be originated from humic 
and/or fulvic-like material.  Moreover, the fluorescence intensity of band with 
Ex/Em of 240-270/410-450 nm, was lower than that of the band with Ex/Em 
of 320-350/420-450 nm.  After TiO2-based photocatalytic reaction under low 
pressure UV lamp as shown in Fig. 4.15b, the latter band was almost 
eliminated, whereas the intensity of former band was decreased about 32%.  
This indicated that the fluorophore with the EEM maxima of 320-350/420-450 
nm in the secondary effluent could be more efficiently degraded by oxidizing 
radicals produced in photocatalytic reaction.  The changes in fluorescence 
intensities of the two bands before and after photocatalytic reaction could be 
ascribed to breakup of the aromatic rings of humic and fulvic substances and 
the formation of oxidization by-product like aldehydes, ketones, and 
carboxylic acids [138, 139, 141], which demonstrated less fouling tendency 







Fig. 4.15 Fluorescence EEM spectra of raw and oxidized secondary 
effluent. (a) Raw secondary effluent; (b) Preoxidized 
secondary effluent. 
 
The SF involves simultaneous scanning of the excitation and emission 





them.  It gives information about the molecular environment in a vicinity of 
the chromospheres molecules and is generally regarded as powerful tool for 
NOM characterization with high sensitivity, spectral simplification, and 
spectral bandwidth reduction [139, 141-144].  Three-dimensional synchronous 
excitation emission spectra with seven offset values from 11 to 77 nm at the 
incremental of 11 nm were used to characterize the organic matters in the 
study.  Under different Δλ values, the spectra demonstrated various peak 
resolutions and intensities.  Among the seven values used in the study, the 
wavelength offset of Δλ = 44 nm was found relatively optimal for SF spectra 
of SRNOM.  As illustrated in Fig. 4.16, a few line shape bands [142, 145] 
were observed in the SF spectra of raw water, some peaks of which could be 
attributed to various amino acids ~280 nm, humic-like ~350-370 nm, ~420 nm 
constituents in the secondary effluent [142, 145, 146].  By contrast, the 
fluorescence spectra of two oxidized secondary effluent samples were 
characterized by broad bands with relatively decreased intensities.  Moreover, 
the higher oxidization degree with medium UV light photocatalysis 
demonstrated stronger decay in intensity than low pressure UV light based 
photocatalysis.  The significant decrease of fluorescence intensity in ~350-450 
nm region might indicate the degradation of high molecular weight 
components of humic-like materials and the formation of lower molecular size 
constituents during photocatalysis, greatly decreasing the fouling tendency due 
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Fig. 4.16 Synchronous fluorescence spectra of SRNOM before and 
after photocatalysis and photolysis reaction; Δλ = 44 nm. se0: 
Raw secondary effluent, se lp 0.5 h: Secondary effluent after 
30 min of degradation under low pressure UV-based 
photocatalysis; se mp 0.5 h: Secondary effluent after 30 min 
of degradation under medium pressure UV-based 
photocatalytic reaction. 
 
4.4.4 FTIR Spectrum 
FTIR spectra of the fouled membranes can directly give evidence of the extent 
of fouling.  On the other hand, the IR spectra of fouled surface can also 
partially reflect the changes in the functional groups of foulants caused by 
photocatalytic reaction.   
 
The spectra of membranes fouled by raw and treated secondary effluent are 
shown in Fig. 4.17.  The absorption peaks in the blank membrane spectrum 
were considerably attenuated due to coating by organic foulants of raw and 
oxidized secondary effluent.  But the spectrum of membrane fouled by 





indicating that RO membrane was less fouled by oxidized organic matters.  
Membrane fouled by raw secondary effluent had relatively stronger 
absorbance near 950-1100 cm−1.  The typical peaks at frequencies of 1050 and 
1080 cm−1 could be attributed to the C–O–C vibrations of polysaccharides 
[108, 147].  The relatively weak response in the preoxidized secondary 
effluent could be due to the breakdown of the glycosidic bonds of 
polysaccharides-like materials.  The absorbance of saturated chains (C-H 
stretch: 2950-2970 cm-1) [147, 148] also increased due to the preoxidization.  
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Fig. 4.17  FTIR spectra of the fresh and fouled membrane, 0.5 h of 
photocatalytic oxidization, medium pressure UV light, [TiO2] 
= 0.3 g/L. 
 
On the other hand, the bands at 1489, 1585, and 875 cm−1 (benzene ring 
stretch) of membrane fouled by raw secondary effluent, might indicate the 
presence of aromatic components in the foulants.  They might originate from 
constituents with aromatic functional groups, like humic and fulvic like 





secondary effluent fouled membrane were greatly lowered as a result of the 
breakdown of above constituents. 
 
It was also noted that the wave numbers at 1635 cm−1 (amide I, C=O 
stretching + C-N stretching), 1539 cm−1 (amide II, C=O stretching + N-H 
bending), and 3300 cm−1 (N-H stretching) were relatively increased in the 
membrane fouled by oxidized secondary effluent.  This indicated the presence 
of constituents with amide groups in foulants after photocatalytic reaction. 
 
4.5 Conclusion 
TiO2-based photocatalytic pretreatment is an effective pretreatment measure to 
lower the fouling potential of EfOM on polyamide RO membrane.  At an 
equal organic concentration of less than 10 mg/L, the fouling potential of 
preoxidized EfOM declined by 75.1% in comparison to raw EfOM.  The 
significant fouling potential reduction under equal organic amount indicated 
that the changes in physicochemical properties of EfOM introduced by 
photocatalytic oxidization might be the major reason of fouling reduction.  
The examination of EfOM properties showed that photocatalytic pretreatment 
significantly lowered the hydrophobicity of EfOM, by breakdowning of the 
macromolecules, which could be the major reason for the fouling reduction.  
The cleavage effect increased the polarity of EfOM molecules and effectively 
lowered the hydrophobic interaction among EfOM molecules and between 
EfOM molecules and membrane surface.  On the other hand, the significant 





did not substantially remove the organic content, making photocatalytic 
pretreatment of great interest in terms of membrane fouling reduction. 
 
Still, three aspects were improved in the following studies according to current 
results of photocatalytic pretreatment of secondary effluent.  The external type 
UV lamp did not demonstrate very satisfactory energy efficiency due to the 
relative large installation distance between the lamp and the feed water in the 
reactor.  Therefore, the immersion type UV lamps were applied in the 
subsequent experiments to increase UV efficiency.  In addition, a 0.45 μm MF 
membrane followed by centrifugation was used to separate catalysts in current 
experiments, which was not a very convenient and effective method for the 
separation of catalysts as a result of the relatively small size of the 
agglomeration of TiO2 particles, thus the reactor configuration was improved.  
Hybrid low pressure driven membrane and photocatalysis system, i.e., 
membrane photoreactors equipped with the 0.2 μm hollow fiber submerged 
type MF membrane, as shown in Fig. 3.2, were established in the subsequent 
tests to form an integrated pretreatment process.  TiO2 P25 nano-particles tend 
to aggregate to form larger particles. Under current experimental condition, 
the effective diameters of P25 were generally larger than 200 nm; and hence 
0.2 μm hollow fiber MF membrane could be a better medium for the 
separation of catalysts than 0.45 μm MF membrane.  
 
In addition, due to the complexity in organic compounds of secondary effluent, 
the fouling behaviour of EfOM was a combined effect of overall complicated 





fouling reduction under photocatalytic pretreatment, a single organic 
substance was used in the subsequent studies using sodium alginate, the model 
polysaccharides with hydrophilic propensity and the model natural organic 
matter - Suwannee River NOM (SRNOM) - representative of hydrophobic 
organic substances.  These organic substances, generally regarded as the major 
components of membrane organic fouling in water separation applications, 
have relatively simpler composition as compared to EfOM and were widely 





CHAPTER 5 PHOTOCATALYTIC PRETREATMENT 
OF LOW CONCENTRATION SODIUM ALGINATE AND 
IMPACT ON ITS FOULING BEHAVIORS 
 
5.1 Introduction 
Several studies [22, 27, 149, 150] have reported that larger molecules of 
organic matters, generally more hydrophobic, cause more serious fouling of 
membrane.  Photocatalysis is a promising method for the reduction of fouling 
due to long chain organic matters by the breakdown of biopolymers into 
smaller molecules.  The breakdown of long chain organic compounds 
increases the polarity and hydrophilicity of organic compounds, thus favoring 
reduction of fouling caused due to the interaction between membrane and 
foulants and the interaction among the foulant molecules.  However, 
hydrophobic attraction is not the only interaction that determines the fouling 
tendency of certain organic matters, such as polysaccharides and protein-like 
substances. 
 
Although polysaccharides, originated from biological activities of 
microorganisms in the municipal effluent, are hydrophilic fraction in EfOM, 
they are generally regarded as one of the major foulants of RO membrane in 
the wastewater reclamation process, especially in the presence of calcium [34, 
35, 110, 151].  It is believed that a gel layer can be formed on the membrane 
surface by the intermolecular hydrogen bonding and ionic crosslinking 
between the carboxyl groups of polysaccharides and multivalent metal ions, 
significantly reducing permeate flux through membrane [35, 112].  This study 





measures to deal with RO membrane fouling caused by microorganism-related 
hydrophilic fractions, and also enable us to understand better about fouling 
behaviors under various pretreatment conditions.   
 
In addition, organic matters from the biologically treated sewage effluent such 
as the polysaccharides and proteins, can be costly or difficult to remove using 
conventional pretreatment processes such as coagulation/flocculation, 
especially at very low organic concentrations [4].  As for adsorption 
pretreatment by activated carbon, although some studies reported that granular 
activated carbon (GAC) pretreatment demonstrated relatively steady 
hydrophobic organic removal, the hydrophilic fraction of EfOM, mainly 
polysaccharides and proteins proceeding from SMPs, is less likely to be 
removed by the GAC adsorption process [34, 61].  Our previous work has 
nevertheless, demonstrated the successful photocatalytic pretreatment in the 
fouling reduction of the hollow fiber UF membrane by the secondary effluent 
[106].  However, the photocatalytic degradation of the non-humic biopolymers 
(one major refractory foulant), polysaccharides, and the effectiveness of this 
pretreatment measure on RO membrane fouling have never been explored. 
 
Therefore, the objective of this part of the study was to investigate the impact 
of TiO2 photocatalytic pretreatment on the fouling behaviors of RO membrane 
by model polysaccharide, sodium alginate, and to reveal the mechanism of 
changes in fouling potentials under this new pretreatment.  In this study, two 
membrane photoreactors, equipped with low pressure and medium pressure 





sample organic solutions prior to RO filtration.  The reactors’ effects on 
fouling potentials of polysaccharides under different photocatalytic reaction 
conditions and solution chemistries were investigated.  
 
5.2 Photocatalytic Oxidation of Polysaccharide 
Photocatalytic oxidation experiments were performed using the photo-reactors 
described above, to evaluate the effectiveness of TiO2/UV treatment for 
polysaccharide removal.  The contribution of each individual mechanism 
involved, namely adsorption capability of TiO2 particles, photolysis under UV 
irradiation, and TiO2 mediated photocatalytic oxidation to overall removal of 
polysaccharides was investigated.   
 
In the presence of TiO2 and UV light, the organic matter degraded gradually.  
At TOC level (less than 20 mg/L), TiO2-photocatalyzed polysaccharide 
oxidation process generally can be modelled with the Langmuir–Hinshelwood 
kinetics [5].  The pseudo first-order kinetics as a function of the dissolved 
TOC under low pressure and medium pressure UV light irradiation and under 





















































Fig. 5.1 Photocatalytic reaction kinetics of polysaccharide degradation 
under low pressure mercury UV lamp; (a) The remaining 
TOC as a function of reaction time with different TiO2 
concentrations, 0.1, 0.3, 0.5 and 1 g/L, respectively, water 
sample filtered through 0.45 µm membrane, initial 
polysaccharide concentration TOC0 = 20 mg/L; (b) 
Photocatalytic reaction simulation with the pseudo first-order 


















































Fig. 5.2 Photocatalytic reaction kinetics of polysaccharide degradation 
under medium pressure mercury UV lamp; (a) The remaining 
TOC as a function of reaction time with different TiO2 
concentrations, 0.1, 0.3, 1 and 2 g/L, respectively, water 
sample filtered through 0.45 µm membrane, initial 
polysaccharide concentration TOC0 = 20 mg/L; (b) 
Photocatalytic reaction simulation with the pseudo first-order 
kinetics based TiO2 photocatalysis; Temperature = 25.0 ± 
0.5ºC. 
 
Immediately after the addition of TiO2 catalyst, a certain degree of reduction 
in TOC concentration was observed, which could be due to the adsorption 





10 min was attributed to the release of degradation intermediates from the 
surface of the catalyst.   
For TiO2 heterogeneous photocatalysis reaction, as catalyst concentration 
increases, the amount of surface that is catalytically active increases, 
promoting the oxidation rate.  At the same time, the turbidity of the suspension 
increases with the dosage of catalysts, reducing the effective UV irradiation, 
and decreasing the degradation rate.  This phenomenon was more obvious in 
the low pressure UV-based photocatalytic reaction.  As TiO2 increased from 
0.5 to 1 g/L, the TOC removal efficiency, instead, slightly decreased due to 
the UV light blocking effect by increased turbidity of the catalyst suspension.   
 
The photocatalytic reaction under medium pressure UV light, in contrast, 
showed higher efficiency in polysaccharide degradation and organic removal 
due to its increase in the intensity of UV light.  This led to dramatic increase 
of oxidants which were responsible for the breakdown of organic matters.  On 
the other hand, compared to the low pressure mercury UV lamp based 
reactions, higher catalyst concentrations, in particular, such as 1 and 2 g/L 
could be applied to medium pressure UV lamp based reaction to increase the 
degradation efficiency.  However, there was no obvious compromising of the 
degradation rate due to higher solution turbidity caused by higher catalyst 
concentrations. 
 
With initial concentration of the reactant (c0), the apparent first-order constant 
K (generally in min-1) could be obtained from experimental data plotted 





presented a linear correlation with R2 > 95.  The medium pressure UV lamp 
based photocatalytic reaction, generally, exhibited higher K values, i.e., more 
efficient at TOC removal.  The comparison of K values is listed in Table 5.1.  
Table 5.1     The degradation rate K of photocatalytic reaction of 
sodium alginate. 
 
LP UV MP UV 
TiO2 conc. (g/L) K (min-1) TiO2 conc. (g/L) K (min-1) 
0.1 0.0010 0.1 0.0032 
0.3 0.0023 0.3 0.0056 
0.5 0.0029 1 0.0197 
1 0.0022 2 0.0303 
LP UV: UV light from low pressure mercury UV lamp; MP UV: 
UV light from medium pressure mercury UV lamp. 
 
On the other hand, the TOC degradation rate, K was also affected by the 
concentrations of catalysts, and 0.5 g/L P25 TiO2 was the optimal 
concentration for TOC degradation in the low pressure UV mercury lamp 
based photocatalysis.  In contrast, with the medium pressure UV mercury 
lamp, a direct relationship was observed between TiO2 concentrations and 
degradation rate, K for the range of TiO2 concentrations investigated in this 
study.  
 
The photolysis effect of UV, i.e., only UV irradiation, on polysaccharide 
degradation was also examined in the study.  The TOC removal by only UV 
irradiation was not significant.  With initial polysaccharide concentration of 20 
mg/L TOC, there was just about 2.7 and 9.4% TOC removal in the first 30 min 
using low press and medium pressure UV lamps, respectively.  This was much 






5.3 Polysaccharide Fouling on RO Membrane   
5.3.1 Fouling Potential 
After the filtration with 0.2 µm PVDF hollow fiber MF membrane, the 
photocatalytically treated polysaccharide solution was fed into the bench-scale 
RO membrane unit to test its fouling potentials.  
Fouling potential is a crucial parameter to quantitatively examine the fouling 
tendency of feed waters.  The fouling potential of feed water is defined as the 
increment of membrane resistance per unit volume of permeates collected for 
a unit area of membrane surface [128], as shown in Eq. (4.4). 
 
The fouling potential of feed water can be calculated directly with either Eq. 
(5.1) from the fouling experimental data or be graphically determined by 
choosing the fouling potential value of k for the best fit of the flux data with 
Eq. (5.2) or discrete form Eq. (5.3).  More details of the methods can be found 
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where k is the fouling potential, Rt is the resistance of the membrane at a given 
time t, R0 is the clean membrane resistance, Vt is the total volume of permeate 
per unit membrane area generated at a given time t from the beginning of the 
filtration process, ∆P is the net driving force (driving force minus osmotic 
pressure), v is the permeate flux at a given time t, and ∆t is the time interval 
between vi+1 and vi. 
 
A new method, nonlinear least squares fitting, was performed in this study to 
calculate the k value, with the user defined function, 
 
 
 3ky x x t
P
= − ΔΔ  (5.4) 
 
 
where k can be fast and directly calculated from the fitting results with the 
help of computing software.  This method is more convenient and accurate 
than both the direct calculation and graph fitting methods, which usually need 
tedious calculations or graphical fitting of the data points with the assumed 
fouling potential values by trial and error approach.   
 
In this new method, data matrix y (from v1 to vi+1), Eq. (5.5) and data matrix x 
(from v0 to vi), Eq. (5.6) establish a corresponding relationship according to Eq. 
(5.4).  A more accurate k value can be obtained through the best fitting of i + 1 
pairs of data with the user defined fitting function and a fitting result is shown 
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The accuracy of the fouling potential value determined by the nonlinear least 
squares fitting approach was tested by comparing the experimental permeate 
flux decline data with simulated permeate flux decline data.  The simulated 
lines were obtained by substituting the fouling potential k into the filtration 
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where ∆P is the net driving force (driving force minus osmotic pressure), v is 
the permeate flux, at a given time t, v0 is the initial or clean membrane 
permeate flux and R0 is the clean membrane resistance.  For clarity, four of the 
time-dependent flux profiles under different feed water characteristics together 
with the simulated curves obtained from Eq. (5.3) and Eq. (5.7), are plotted in 
Figs. 5.4 and 5.5.  The simulated and experimental flux decline data were 





experiments conducted.  This provided substantial verification supporting the 
determination of the fouling potentials by the simple method described above. 
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Fig. 5.3 The nonlinear fitting result for the calculation of the fouling 
potential k of feed water. 
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Fig. 5.4 The exmaination of the accuracy of fouling potentials by the 
model of Eq. (5.3): Experimental (points) and simulated 
(curves) permeate fluxes using Eq. (5.3) with the caculated 
fouling potential k values under various flux trends: ● 
polysaccharides after 30 min of degradation, TiO2 
concentration = 0.3 g/L, low pressure UV light, TOC = 4.6 
mg/L; ▲ raw polysaccharides, TOC = 4.6 mg/L; ▼degraded 
polysaccharides, TiO2 concentration = 2 g/L, medium pressure 





concentration = 0.3 g/L, medium pressure UV lamp, TOC = 
3.1 mg/L. 
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Fig. 5.5  The exmaination of the accuracy of fouling potentials by cake 
layer fouling model: Experimental (points) and simulated 
(curves) permeate fluxes using the cake layer fouling model, 
Eq. (5.7) with the caculated fouling potential k values under 
various flux trends: ■ polysaccharides after 30 min of 
degradation, TiO2 concentration = 0.3 g/L, low pressure UV 
light, TOC = 4.6 mg/L; ● raw polysaccharides, TOC = 4.6 
mg/L; ▲ degraded polysaccharides, TiO2 concentration = 2 
g/L, medium pressure UV light, TOC = 4.6 mg/L; ▼degraded 
polysaccharides, TiO2 concentration = 0.3 g/L, medium 
pressure UV light, TOC = 3.1 mg/L. 
 
5.3.2 Influence of Electrolytes on Fouling 
The influence of photocatalytic pretreatment on membrane fouling caused by 
alginate under various solution environments including effects of ionic 
strength (IS) and calcium, the prominent factors in membrane fouling studies, 
was investigated.  To better understand the fouling behaviors under new 
pretreatment condition, the fouling behaviors of polysaccharides without 
external electrolytes addition were also compared.  The normalized permeate 





tendencies of various water samples under same hydraulic conditions, such as 
cross flow rate and initial permeate flux.  The fouling potentials of various 
fouling profiles were calculated subsequently to study the changes in fouling 
potentials after photocatalytic reaction. 
 
5.3.2.1 No External Electrolytes 
As shown in Fig. 5.6, when no external electrolytes (Na+, Ca2+, etc) in the feed 
solution, there was a slight decrease in the permeate flux profile of the 30 min 
preoxidized polysaccharide solution compared to raw water of the same 
organic concentration (4.6 mg/L TOC).  However, this flux profile was higher 
than that for the raw feed water (20 mg/L TOC).  This trend was also reflected 
in the fouling potentials, as presented in Table 5.2.   
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Fig. 5.6 Flux behaviours of the raw and preoxidized sodium alginate 
solutions without additional electrolytes; ps0-20mg/L: Raw 
feed water, TOC = 20 mg/L; ps0-4.6 mg/L: Raw feed water, 
TOC = 4.6 mg/L; ps 0.5 h-4.6 mg/L: Sodium alginate solution 
after 30 min of degradation, TOC = 4.6 mg/L, key parameters 
of photocatalytic reaction: TiO2 concentration = 0.3 g/L, low 
pressure UV lamps; RO filtration: initial permeate flux = 1.7 ± 
0.04 × 10-5 m/s, crossflow velocity = 4.5 ± 0.1 cm/s, and 






Table 5.2 Fouling potentials of raw and oxidized sodium 
alginate without additional electrolytes. 
 
Feed water ps0-20 mg/L ps-0.5 h-4.6 mg/L ps0-4.6 mg/L 
Fouling potential 
(× 1010 Pa s/ m2) 2.18 2.09 1.20 
 
According to the Carman-Kozeny equation [152], the resistance of the cake 












−=  (5.8) 
 
where  rc is the specific resistance of the cake layer,εis cake porosity, and ρp 
and dp are particle density and particle size, respectively.  Theoretically, the 
fouling layer resistance increases with decreasing molecules size as 1/dp2.  
Without external electrolytes, the increase in the fouling potentials of the 
degraded polysaccharides as compared to raw water of the same organic 
amount was most likely due to the breakdown of long chain biopolymers, 
narrowing the intermolecular spaces and elevating the resistance of the fouling 
layer.   
 
Nevertheless, it was also noted that the flux decline caused by the degraded 
polysaccharides was insignificant compared with raw polysaccharides.  It is 
therefore inferred that when no external electrolytes in the solutions, there was 
a minor change in the porosity of the fouling layer after photocatalytic 
pretreatment.  This could be due to electrostatic repulsion among the 
photocatalytically degraded molecules to keep enough porosity of the fouling 





showed slight increase in the electrical charges of oxidized molecules after the 
photocatalytic pretreatment.  
5.3.2.2 Ionic Strength 
Fig. 5.7 shows flux profiles of preoxidized water and its corresponding raw 
feed water under various ionic strengths.  The degraded polysaccharides 
demonstrated lower fouling tendency than their corresponding raw feed waters.   
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Fig. 5.7 Effect of ionic strength (IS) on sodium alginate fouling of the 
RO membrane. Total ionic strength of the feed solution was 
adjusted by varying NaCl concentration. No Ca2+ was present 
in the feed solution, and other experimental conditions were 
identical to those in Fig. 5.6.  ps0: sodium alginate solution, 
TOC = 20 mg/L; ps 0.5 h: sodium alginate solution after 30 
min of degradation, TOC = 4.6 mg/L, photocatalytic reaction: 
TiO2 concentration = 0.3 g/L, low pressure UV lamps. 
 
The permeate flux of raw water and the degraded water reduced with the 
increase of ionic strength as illustrated in Fig. 5.7.  As the ionic strength 
increased, the compression of electric double layers due to charge screening 
effect of NaCl ions reduced the electrostatic repulsion among polysaccharide 
molecules and the repulsion force between the polysaccharide molecules and 





reduction in permeate flux was not significant compared with the increase of 
ionic strength.  This indicates that ionic strength had insignificant influence on 
the RO membrane fouling tendency by both the degraded and raw 
polysaccharides. 
 
5.3.2.3 The Effect of Calcium  
The effect of calcium on membrane fouling behaviors and fouling potentials 
of oxidized polysaccharides was studied in two cases.  One was the 
comparison with its raw feed water (20 mg/L TOC) as shown in Fig. 5.8a and 
b, and the other was the comparison between raw water and oxidized water 
with equal TOC concentration as presented in Fig. 5.8c and d.  As shown in 
Fig. 5.8a, the flux-decline profiles became more prominent with the increase 
in Ca2+ concentrations in both the preoxidized waters and raw waters.  It was 
noted that Ca2+ also had significant influence on the fouling behaviors of 
degraded polysaccharides.  As expected, significant fouling appeared in RO 
membrane by raw polysaccharides with the addition of Ca2+.  This could be 
attributed to the intermolecular bridging of the alginate molecules in the 
presence of Ca2+, which significantly increased the total hydraulic resistance 
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Fig. 5.8 Effect of calcium on sodium alginate fouling of the RO 
membrane. (a) Flux behaviours of the raw feed solution and 
preoxidized water under various Ca2+ concentrations. Total 
ionic strength of the feed solution was fixed at 10 mM by 
varying NaCl concentration (e.g., feed solution with no Ca2+ 
contained 10 mM NaCl; feed solution with 0.5 mM Ca2+ 
contained 8.5 mM NaCl, etc.);  (b) The fouling potentials (bar 
chart) of the sample waters in (a);  (c) Flux behaviours of the 
raw and preoxidized water of the same TOC concentration, 
4.6 mg/L. Ca2+ concentration was fixed at 0.5 mM and 1 mM, 
respectively, total ionic strength of the feed solution was fixed 
at 10 mM using NaCl;  (d) The fouling potentials (bar chart) 
of the feed water in (c).  ps0: Raw sodium alginate solution 
without preoxidization; ps 0.5 h: Sodium alginate solution 
after 30 min of degradation, TiO2 concentration = 0.3 g/L, low 
pressure UV lamps, and other experimental conditions were 
identical to those in Fig. 5.6.   
 
Nevertheless, compared with the raw feed polysaccharide solution, 
preoxidized solution displayed significant reduction in fouling tendency, and 
this trend was also reflected in the fouling potentials, an 80.7% decline in 
fouling potential in the presence of 0.5 mM of Ca2+, as displayed in Fig. 5.8b.  
 
However, as the Ca2+ concentration was increased from 0.5 to 1 mM, the 





advantage in fouling potentials of preoxidized polysaccharides over 
corresponding raw water was slightly reduced, down to 68.3% from 80.7% of 
their respective raw waters.   
As for the equal TOC concentration case, raw polysaccharides demonstrated 
higher fouling potential and lower permeate flux than preoxidized 
polysaccharides in the presence of 0.5 mM of Ca2+ as presented in Fig. 5.8c 
and d.  The intermolecular force test has recently been used to quantify the 
fouling behavior of RO/NF membrane by different organic molecules and the 
cleaning efficiency by various cleaning agents as well.  Several studies have 
demonstrated a good correlation between the measured adhesion force and the 
fouling and cleaning behaviors [36, 151, 154].  The decrease in fouling 
potential after pretreatment was probably a consequence of the breakdown of 
long chain biopolymers, weakening the intermolecular bridging effect of the 
alginate molecules to form a dense fouling layer and decreasing the 
intermolecular forces as well, particularly in the presence of Ca2+.  The 
reduction in molecular size was revealed by the HPLC-SEC test, which was 
discussed in the later part.  However, as the Ca2+ concentration increased to 1 
mM, the advantage of degraded polysaccharides in fouling reduction 
diminished as a result of the enhanced intermolecular adhesion force under 
increased Ca2+ concentration. 
 
5.3.3 Influence of Feed Foulant Composition on Fouling 
The flux profiles for the various foulant compositions after low and medium 
pressure UV lamp based photocatalytic preoxidization are shown in Fig. 5.9a 





the highest flux decline, whereas waters with higher portion of SRNOM 
showed the less flux decline, and these trends were also reflected in the 
fouling potentials, as illustrated in Fig. 5.9c.   
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Fig. 5.9 Effect of feed foulant composition on the organic fouling of 
RO membrane. (a) Flux behaviors with various foulant 
composition under low pressure UV-based photocatalytic 
pretreatment; (b) Flux behaviors with various foulant 
composition under medium pressure UV-based photocatalytic 
pretreatment;  Foulant compositions were varied according to 
the proportions of ps (sodium alginate) and sn (Suwannee 
River NOM) by TOC concentrations: sn (i.e., sn only) initial 
concentration = 7.9 mg/L; ps:sn = 3:7 (i.e., ps = 2.4 mg/L, sn 
= 5.5 mg/L); ps:sn = 7:3 (i.e., ps = 5.5 mg/L, sn = 2.4 mg/L); 
or ps (i.e., ps only);  reaction conditions: TiO2 concentration = 
0.3 g/L, lp: low pressure mercury UV light; mp: medium 
pressure UV light; (c) Fouling potentials of feed waters in (a) 
and (b), Ca2+ concentration was fixed at 0.5 mM, and other 
experimental conditions were identical to those in Fig. 5.8.   
 
Higher portion of polysaccharide (ps:sn = 7:3) solution demonstrated higher 
fouling potential than the one with lower polysaccharide portion (ps:sn = 3:7) 
due to the higer fouling tendency of polysaccharides than SRNOM in the 
presence of calcium; however, this effect was considerably reduced in medium 
pressure UV-based photocatalysis because of higher oxidization degree under 






Compared with the macromolecules of polysaccharides, it seems that SRNOM 
could be more efficiently degraded in part due to its smaller molecular size, 
making it more easily be absorbed by TiO2 particles; however, the fouling 
potential caused by oxidized water containing only SRNOM was slightly 
higher than that of polysaccharides and SRNOM mixture (ps:sn = 3:7).  This 
could be arributed to the slightly higher cross membrane pressure exprienced 
in SRNOM fouling test because of its high resistant fouling layer of smaller 
molecules.  
 
5.3.4  Influence of Initial Concentration of Polysaccharides on Fouling 
 
Polysaccharide solutions with two initial TOC concentrations, 20 and 5.3 
mg/L respectively were used to study the effect of initial organic 
concentrations on fouling. The fouling behaviours of raw and oxidized 
polysaccharides with equal organic concentration were also compared in the 
fouling tests.  After 30 min of photocatalytic reaction under low pressure UV 
lamp, oxidized solutions with TOC of 4.6 and 2.2 mg/L were used for RO 
membrane fouling tests.  As illustrated in permeate flux behaviours in Fig. 
5.10a and c, preoxidized polysaccharide solutions with low initial 
concentration demonstrated higher ratio of fouling potential reduction and 
higher permeate flux than those with relatively high initial concentrations.  
And similar trends were also displayed in oxidized solutions with TOC 
concentrations of 6.8 and 3.1 mg/L from medium pressure UV lamp based 
reaction (Fig. 5.10b and c).  This trend could be attributed to the higher degree 
of oxidization of polysaccharides with low initial polysaccharide 













 ps 0.5 h-2.2 mg/L
 ps0-2.2 mg/L

























 ps mp 0.5 h-6.8 mg/L
 ps0-6.8 mg/L




















































Fig. 5.10 Effects of concentrations of polysaccharides on RO 
membrane fouling; (a) Effect of concentrations of 
polysaccharides on RO membrane fouling under low pressure 
UV-based reaction; (b) Effect of the concentrations of 
polysaccharides on RO membrane fouling under medium 
pressure UV-based reaction; (c) Fouling potentials of feed 
waters in (a) and (b); Ca2+ concentration was fixed at 0.5 mM, 
and other experimental conditions were identical to those in 
Fig. 5.8.   
 
It was also noticed that preoxidized polysaccharides under medium pressure 
UV-based photocatalysis had higher fouling potential than those under low 
pressure UV-based reaction (Fig. 5.10c).  This is mainly due to the higher 
organic concentration of the oxidized polysaccharides under medium pressure 
UV-based photocatalysis.  This result indicated that the quantity of organic 
components still had substantial effect on the fouling potentials of 
photocatalytically oxidized polysaccharides and high polysaccharide 
concentration could compromise the fouling reduction effect of photocatalysis 






5.3.5  Influence of UV Sources on Fouling  
Two types of mercury UV lamps, low pressure germicidal type and medium 
pressure mercury lamps are often used in photocatalytic reactions.  The former 
usually requires less power input, usually less than 40 W per lamp, while the 
latter consumes higher energy, more than 100 W each and produces more 
intensive UV light.  The effect of UV sources on RO fouling caused by 
polysaccharides was studied.  The low pressure UV system comprised two low 
pressure mercury UV lamps with total power of 24 W.  Only one medium 
pressure mercury UV lamp with power of 700 W was used in this study.  
Compared to low pressure UV-based photocatalysis, the medium pressure 
UV-based photocatalysis demonstrated higher potential in fouling reduction, 
more than 10% increase in the permeate flux, and about 31% reduction in the 
fouling potential (Fig. 5.11).  This indicated that higher oxidization degree 
with medium pressure UV was more favorable for the reduction of fouling 
caused by polysaccharides-like organic matters.  However, compared with raw 
polysaccharides with TOC concentration of 4.6 mg/L, the improvement of 
fouling potential per unit energy consumption of low and medium pressure 
UV based reactions were 8.24 × 1012 and 4.10 × 1011 Pa·s/m2/kWh, 
respectively.  Therefore, low pressure mercury UV lamp is considered to be an 
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Fig. 5.11 Effects of UV sources on polysaccharide fouling on RO 
membrane; 30 min of photocatalytic reaction, TiO2 
concentration = 0.3 g/L; lp: Low pressure UV light;  mp: 
Medium pressure UV light, TOC = 4.6 mg/L, Ca2+ 
concentration was fixed at 0.5 mM, and other experimental 
conditions were identical to those in Fig. 5.8.   
 
5.3.6 Influence of Reaction Time on Fouling  
Fig. 5.12 shows the comparison of flux behaviors and fouling potentials of 
oxidized polysaccharides under different reaction time and under different UV 
source.  As illustrated in Fig. 5.12a, significant fouling potential reduction 
exhibited in preoxidized polysaccharides under relatively longer reaction time.  
Although at equal organic concentration, the fouling potential caused by 
oxidized polysaccharides declined from 8.42×1011 to 1.43×1011 Pa s/m2, a 
reduction of about 83%, under 1.5 h of low pressure UV-based photocatalysis, 
compared to the oxidized polysaccharides under 0.5 h of photocatalytic 
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Fig. 5.12 Effect of reaction time on polysaccharide fouling on the 
RO membrane. (a) Flux behaviours of the polysaccharides 
after 0.5 and 1.5 h of degradation, adjusted to the same TOC 
value of 4.6 mg/L, TiO2 concentration = 0.3 g/L, (b) Flux 
behaviours of the degraded polysaccharides after different 
oxidization time (0.5, 1 and 2 h) under different UV sources; 
photocatalytic reaction: TiO2 concentration = 0.3 g/L, lp: low 
pressure mercury UV lamp, mp: medium pressure mercury 
UV lamp; (c) Fouling potentials of feed waters in (b); Ca2+ 
concentration was fixed at 0.5 mM, and other experimental 
conditions were identical to those in Fig. 5.8.   
 
As shown in Fig. 5.12b, dramatic reduction in fouling potentials under longer 
preoxidization time (1 h rather than 0.5 h) was also observed in the medium 
pressure UV-based photocatalysis.  Moreover, the two oxidized 
polysaccharides were at almost the same TOC level.  Fig. 5.12c compared 
fouling potentials of oxidized polysaccharides under different reaction time 
with different UV sources.  Even though there was no significant difference in 
their organic concentrations, the ones with longer reaction time, 2 h under low 
pressure UV irradiation and 1 h under medium pressure UV irradiation, 
demonstrated dramatic fouling potential reductions (about 89.1 and 93.5%, 





degradation time could more effectively break down the biopolymers, more 
significantly lowering their intermolecular bridging effect which could 
mitigate the gel layer formation on membrane surface especially in the 
presence of calcium. 
 
5.3.7 Influence of Catalyst Concentrations on Fouling 
Fig. 5.13 illustrates flux behaviors and fouling potentials of 30 min oxidized 
polysaccharides under three different catalyst concentrations, 0.3, 1, and 2 g/L.  
Their TOC concentrations were adjusted almost to the same TOC level (4.6, 
4.1, and 4.1 mg/L, respectively).  The oxidized solutions demonstrated 
relatively large differences in fouling potentials.  Considerable flux increase 
appeared when the catalyst concentration was increased from 0.3 to 1 g/L.  
There was no more significant increase in permeate flux and reduction in 
fouling potential as the catalyst concentration was futher increased from 1 to 2 
g/L.  This indicated that polysacharides could be effectively oxidized to small 
molecules with low fouling potential under the concentration of 1 g/L, and 
photocatalysis under that condition has almost the same fouling reduction 
effect as that of 2 g/L even though the 2 g/L demonstrated much higher TOC 
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Fig. 5.13 Effects of TiO2 concentrations on the polysaccharide 
fouling on RO membrane. (a) Flux behaviours of the 
polysaccharide fouling with different catalyst concentrations 
(0.3, 1, and 2 g/L), mp: medium pressure UV irradiation; (b) 
Fouling potentials of feed waters in (a); Ca2+ concentration 
was fixed at 0.5 mM, and other experimental conditions were 







5.4 Changes in the Physicochemical Properties of Polysaccharides  
Photocatalytic reaction significantly changed the physicochemical properties 
of polysaccharides, such as molecular weight distributions, charge densities, 
etc., and subsequently influenced their fouling behaviours on RO membrane to 
some extent.   
 
5.4.1 Molecular Weight Distribution 
The molecular weight distribution of raw and preoxidized sodium alginate was 
tested with HPLC-SEC with UV detection at around 200-214 nm, where 
polysaccharide molecules demonstrated relatively strong signals in UV spectra.  
Significant quenching of the peak at the molecular weight of about 50 kDa 
after the degradation reflected that large polysaccharide compounds were 
favorably reduced during the preoxidization, as shown in Fig. 5.14.  This may 
be ascribed to the cleavage effect of the photocatalytic reaction to attack the 
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Fig. 5.14 Changes in molecular weight distributions of 
polysaccharides after photocatalytic reaction measured by the 
HPLC-SEC with UV detection at 214 nm. ps0: Raw sodium 
alginate solution; ps 0.5 h: Sodium alginate solution after 30 
min of degradation. 
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Fig. 5.15 Changes in molecular weight distribution of the composite of 
polysaccharides and SRNOM after photocatalytic reaction 
measured by the HPLC-SEC with UV detection at 202 nm.  
ps:sn = 7:3 0: Raw solution of the mixture of ps (sodium 
alginate) and sn (SRNOM), the ratio of ps to sn is 7:3;  ps:sn = 







The breakdown of large organic molecules was more obviously reflected in 
HPLC-SEC spectrum of the composite foulants of polysaccharides and 
SRNOM.  As illustrated in Fig. 5.15, the intensive UV responses of the 
organic mixture between 6 and 60 kDa dramatically reduced and new peaks of 
smaller molecular size distribution appeared as a consequence of the 
breakdown of long chain molecules of alginates and macromolecules of 
SRNOM. 
 
It is generally believed that organic compounds with a long chain or a larger 
molecular weight are more potent foulants than those with short chain or 
smaller molecular weight [22, 27, 149].  As for the hydrophilic 
polysaccharides-like organics, the decrease in molecular size could weaken the 
intermolecular bridging effect of the alginate molecules to such extent that a 
dense fouling layer could not be very effectively formed on membrane surface 
especially in the presence of Ca2+.  Therefore, the reductions in molecular size 
of the biopolymers by photocatalysis could be one of possible reasons of the 
decline in fouling potentials.  
 
5.4.2 Zeta Potential 
The interaction between RO membrane and organic matters in water partly 
depends on the electrokinetic properties of membrane and organic matters, 
which can be quantified by zeta potential tests to signify their surface 
electrostatic charge densities under various solution chemistries [58, 155].  
Some studies [14, 156] also reported the correlation between fouling tendency 
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Fig. 5.16 Changes in zeta potentials of the feed solutions after 
photocatalytic reaction. ps 0.5 h: Degraded polysaccharide 
solution after 0.5 h of photocatalytic reaction, pH = 6.0; ps0: 
Raw polysaccharide solution, pH = 6.3; The background 
electrolytes: mixture of 8.5 mM NaCl and 0.5 mM CaCl2.  
 
 
In this study, zeta potentials of feed sample solutions and fouled membrane 
surfaces were tested at ambient pH values to characterize the changes in 
charge property after photocatalytic reaction.  Sodium alginates are salts of 
alginic acids and they tend to be negatively charged across a wide range of pH 
values, from 2 to 8 due to the presence of the mannuronic and guluronic acid 
groups [157, 158].  After photocatalytic reaction, the oxidized polysaccharide 
molecules, in contrast, became more negatively charged (Fig. 5.16).  This 
increased the repelling effects among oxidized molecules and between 
foulants and RO membrane, thus lowering the fouling potential of 
polysaccharides on RO membrane.  However, the electrostatic interactions 
might not be the dominant factor affecting the fouling behaviours of 
polysaccharides due to the strong intermolecular force caused by the 





potentials was further reflected in the zeta potentials of the raw and 
preoxidized polysaccharide fouled membrane surfaces (Fig. 5.17), where 
preoxidized alginate fouled membrane became more negatively charged than 
that fouled by raw alginates. 

















Fig. 5.17 Zeta potentials of the fresh and fouled membranes at 
ambient pH = 6.4; Experiments were carried out with a 
background electrolyte of 0.01 M NaCl; membrane: Fresh RO 
membrane; ps 0.5 h: RO membrane fouled by preoxidized 
polysaccharides; ps0: RO membrane fouled by raw 
polysaccharides. 
 
The deposition of foulants on RO membrane reduced the negative zeta 
potentials (i.e., the membranes become less negatively charged) as illustrated 
in Fig. 5.17; but the membrane fouled by preoxidized polysaccharides became 
more negatively charged than that fouled by raw polysaccharides.  This could 
be ascribed to the deposition of preoxidized polysaccharide molecules with 






Therefore, the increase in the electrostatic interaction between the foulant and 
membrane was another possible reason for the lower fouling tendency of the 
pretreated polysaccharides.   
 
5.4.3  FTIR Spectrum 
FTIR spectra of raw and treated polysaccharide fouled membrane at same feed 
solution concentration of 4.6 mg/L and FTIR spectrum of fresh membrane are 
shown in Fig. 5.18.  Comparison of FTIR spectra of the fouled membrane 
partially reflected the changes in the functional groups of foulants induced by 
photocatalytic reaction. 












Fig. 5.18 FTIR spectra of the fresh and fouled membrane. ps 0.5 h: 
Membrane fouled by preoxidized polysaccharides after 0.5 h 
of photocatalytic reaction; ps0: Membrane fouled by raw 
polysaccharides. 
 
As shown in Fig. 5.18, raw polysaccharides had stronger absorbance between 
wave numbers 950 and 1200 cm−1 than preoxidized ones.  The typical peaks at 





vibrations of polysaccharides [108, 147].  The slightly weak response in 
preoxidized polysaccharides could be due to the breakdown of the glycosidic 
bonds.  The absorbance of saturated chains (C-H stretch: 2950-2970 cm-1, and 
CH2 rocking: 720-770 cm-1) [147] also increased most likely due to the 
considerable breakup of cyclic structures of alginate after oxidization.  
 
The broad band between 3400 and 3650 cm-1 and peaks near 1100 cm-1 in the 
raw polysaccharides were indicative of a significant number of hydroxyl 
groups [34, 148], whereas these peaks became less stronger in oxidized 
polysaccharides.  Hydroxyl groups of polysaccharides could be oxidized to 
carbonyl or carboxyl groups (slightly increased absorbance at 1680 cm-1), 
reducing the intermolecular hydrogen bonding and weakening the interaction 
by hydrogen bond between foulant and the polyamide membrane material.  
These changes in functional groups of foulants were favorable for the fouling 
reduction of oxidized polysaccharides. 
 
5.5 Conclusion 
TiO2-based photocatalytic pretreatment is an effective pretreatment measure to 
lower the fouling potentials of low concentration polysaccharides on 
polyamide RO membrane in the presence of calcium, although it would 
slightly increase the RO membrane fouling without the addition of electrolytes 
(Ca2+, Na+, etc.). 
 
The cleavage effect of photocatalysis, i.e., the breakdown of long chain 
biopolymers, was the possible reason for the fouling reduction.  The cleavage 





polysaccharide molecules and change the physicochemical properties of 
polysaccharide molecules - increase in the electrostatic repelling effect 
between foulant and membrane, and alteration in the functional groups of the 
molecules.  These changes could be the key reasons for the decreased fouling 
tendency of hydrophilic polysaccharides-like organic substances especially in 
the presence of calcium.  
 
Photocatalysis based on two different UV sources, medium pressure and low 
pressure mercury UV lamps, were both effective in the reduction of the 
fouling of RO membrane by polysaccharides.  The medium pressure UV lamp 
demonstrated higher efficiency in organic degradation and fouling reduction 
because of its high UV intensity.  However, because of the higher energy 
consumption of medium pressure lamps, low pressure mercury UV lamp is 
considered to be an optimal choice.  
 
Longer oxidization time, lower initial organic concentration, and higher 
catalyst dosages, providing generally higher oxidation degree, could 
considerably lower the fouling potentials of polysaccharides. 
 
Polysaccharides demonstrated higher fouling potential than organic matters 
like SRNOM and fouling behavior of polysaccharides was very sensitive to 
calcium and organic concentrations.  High polysaccharide and calcium 
concentrations could compromise the fouling reduction effect of 





CHAPTER 6 IMPACT OF PHOTOCATALYTIC 
PRETREATMENT ON REVERSE OSMOSIS MEMBRANE 




Among the organic substances causing RO membrane fouling in water 
separation processes, NOM, mainly composed of humic acid (HA) and fulvic 
acid (FA)-like substances, are regarded as one of the major foulants.  This is 
primarily due to their hydrophobic property, making them aggregate with each 
other more easily and later , their adsorption onto the membrane surface, 
particularly those that are hydrophobic [65, 116].  This prominent fouling 
trend of hydrophobic organic matters, such as humic substances, than 
transphilic and hydrophilic fractions, was also observed in the membrane 
fouling studies by different organic fractions isolated by XAD-8 and XAD-4 
resins [30, 117].  Moreover, the hydrophobic fraction usually makes up the 
most dominant portion of the organic substances present in secondary effluent 
[117].  And NOM fouling is generally a significant problem of RO membrane 
in water separation application [118].  Membrane fouling can significantly 
lower efficiency and efficacy of membrane processes and shorten membrane 
life span by increasing membrane cleaning frequency.  It can considerably 
reduce water flux and deteriorate permeate quality.   
 
Many measures have been taken to lower membrane fouling tendency, such as 
application of low fouling membrane materials and modification of membrane 





pipe measures like innovative cleaning procedures and agents [73, 110].  
Nevertheless, fouling is inevitable as there are always considerable amount of 
NOM foulants existing in the membrane feed water [35, 118].  Many 
advanced water reclamation plants are now using MF or UF as pretreatment 
measures for RO process, a typical scheme for suspended and colloidal 
matters removal, but this does not eliminate fouling caused by organic matters 
from the biologically treated sewage effluent or natural water bodies.  
Therefore, new pretreatment measures should be developed to address this 
issue.  One possible solution is to alter NOM property by photocatalytic 
oxidization. 
 
It is generally believed that larger molecules of organic matters tend to be 
more hydrophobic and cause more serious fouling of membrane [22, 27, 149, 
150].  Photocatalysis, which involves the breakdown of biopolymers into 
smaller molecules, is a promising method for fouling reduction caused by long 
chain organic matters.  The breakdown of long chain organic compounds 
increases the polarity and hydrophilicity of the organic compounds, and 
reduces the hydrogen bonds associated with sorption of hydrophobic NOM on 
membrane surfaces.  This is favorable in fouling reduction by manipulating 
the interaction between membrane and foulants, and the interaction among 
molecules of foulants.  Even though photocatalysis have been frequently used 
to remove various organic matters and numerous innovations in photocatalysts 
applicable in visible light range and in configurations of reaction system, such 
as the metal doped catalysts, membrane photoreactors, etc, have also been 
widely studied [4, 5, 103-105], the application of photocatalysis as a 





other hand, our previous work has demonstrated the successful application of 
photocatalytic pretreatment in fouling reduction of a hollow fiber UF 
membrane treating secondary effluent [106].  However, due to the complex 
organic matrix of the secondary effluent, it is difficult to discern the fouling 
reduction effect of photocatalytic pretreatment on NOM.  
 
The objective of this part of the study was to investigate the impact of TiO2 
photocatalytic pretreatment on the fouling behavior of RO membrane by the 
model NOM, SRNOM, and to reveal the mechanism of changes in fouling 
potentials under this new pretreatment methodology.  In this study, two 
membrane photoreactors, equipped with low pressure and medium pressure 
mercury lamps respectively, were adopted as the pretreatment measure to a 
RO filtration process.  Their effects on fouling potentials of SRNOM under 
different photocatalytic reaction conditions and solution chemistries were 
investigated.  
 
6.2 Photocatalytic Oxidation of SRNOM 
Photocatalytic oxidation experiments were performed using a photo-reactor 
(Fig. 3.2) to evaluate the effectiveness of TiO2/UV treatment for SRNOM 
removal.  The contribution of each individual mechanism involved, namely 
adsorption capability of TiO2 particles, photolysis under UV irradiation, and 
TiO2 mediated photocatalytic oxidation, for the removal of SRNOM was 






In the presence of TiO2 and UV light, organic matters degraded gradually.  At 
TOC level (less than 10 mg/L), TiO2-photocatalyzed NOM oxidation process 
generally can be modelled with the Langmuir–Hinshelwood kinetics [5].  The 
pseudo first-order kinetics as a function of the dissolved TOC under low 
pressure and medium pressure UV irradiation and under different catalyst 
concentrations are shown in Figs. 6.1 and 6.2.   























































Fig. 6.1 Photocatalytic reaction kinetics of SRNOM degradation under 
low pressure mercury UV lamp; (a) The remaining TOC as a 
function of reaction time with different TiO2 concentration, 
0.1, 0.3, 0.5 and 1 g/L respectively, water sample filtered 
through 0.45 µm membrane, initial SRNOM concentration 
TOC0 = 7.9 mg/L; (b) Simulation of photocatalytic reaction 
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Fig. 6.2 Photocatalytic reaction kinetics of SRNOM degradation under 
medium pressure mercury UV lamp; (a) The remaining TOC 
as a function of reaction time with different TiO2 
concentrations, 0.1, 0.3, 1 and 2 g/L, respectively, water 
sample filtered through 0.45 µm membrane, initial SRNOM 
concentration TOC0 = 7.9 mg/L; (b) Photocatalytic reaction 
simulation with the pseudo first-order kinetics based TiO2 
photocatalysis;  Temperature = 25.0 ± 0.5ºC. 
 
Due to the adsorption capability of TiO2 particles, a certain degree of 
reduction in TOC concentration was observed immediately after the addition 
of TiO2 catalyst.  The slight increase in the TOC concentration from 0 to 10 
min could be ascribed to the release of degradation intermediates from the 
surface of catalysts.   
For TiO2 heterogeneous photocatalytic reaction, as catalyst concentration 
increases, the amount of surface that is catalytically active increases, 
promoting higher oxidation rate.  At the same time, the turbidity of the 
suspension increases with the dosage, reducing the penetration of UV light, 
which could compromise the degradation rate.  This phenomenon was more 





g/L, TOC removal efficiency, instead, was slightly decreased due to the UV 
light blocking effect by increased turbidity of the catalyst suspension.   
 
The photocatalytic reaction under medium pressure UV light, in contrast, 
showed higher efficiency in SRNOM degradation rate and TOC removal as 
the result of its increased UV light intensity as compared to that delivered by 
the low pressure lamp.  This led to dramatic increase of oxidants which were 
responsible for the breakdown of organic matters.  On the other hand, 
compared to the low pressure mercury UV lamp based reactions, higher 
catalyst concentrations such as 1 and 2 g/L could be applied to medium 
pressure UV-based reaction to increase the degradation efficiency.  However, 
there was no obvious compromising of the degradation rate due to higher 
solution turbidity caused by higher catalyst concentrations. 
 
At relatively low initial organic concentration, the Langmuir–Hinshelwood 
kinetics of heterogeneous photocatalytic reaction can be simplified as first-
order reaction [119].  The first-order constant, K of the degradation process 
(generally in min-1) was obtained from kinetic analysis.  With initial 
concentration of the reactant (c0), the first-order constant, K can be obtained 
from experimental data plotted according to Eq. (4.2).  Once plotted according 
to above equation, data presented a linear correlation with R2 > 95.  The 
medium pressure UV-based photocatalytic reaction, generally, exhibited 
higher K values, i.e., more efficient in terms of TOC removal.  The 






Table 6.1 The degradation rate K of photocatalytic reaction of 
SRNOM. 
 
LP UV MP UV 
TiO2 conc. (g/L) K (min-1) TiO2 conc. (g/L) K (min-1) 
0.1 0.0057 0.1 0.0162 
0.3 0.0123 0.3 0.0474 
0.5 0.0171 1 0.0743 
1 0.0148 2 0.0976 
LP UV: UV light from low pressure mercury UV lamp; MP UV: UV 
light from medium pressure mercury UV lamp. 
 
As presented in Table 6.1, the TOC degradation rate, K was significantly 
affected by the concentrations of catalysts.  It was found that P25 TiO2 at 0.5 
g/L was the optimal concentration for TOC degradation in the low pressure 
UV mercury lamp based photocatalysis.  On the other hand, with the medium 
pressure UV mercury lamp, a direct relationship was observed between TiO2 
concentrations and degradation rate K for the range of TiO2 concentrations 
investigated in this study. 
 
The photolysis effect of UV, i.e., only UV irradiation, on SRNOM degradation 
was also examined in the study.  The TOC removal by only UV irradiation 
was not significant.  With initial SRNOM concentration of 7.9 mg/L TOC, 
there was just about 3.6 and 11.7% TOC removal in the first 30 min using low 
pressure and medium pressure UV, respectively.  This was much lower than 
TiO2 mediated photocatalytic reactions. 
 
6.3 SRNOM Fouling on RO Membrane 
6.3.1 Influence of Electrolytes on Fouling 
The influence of photocatalytic pretreatment on fouling caused by SRNOM 





and calcium was investigated.  To better understand the fouling behavior 
under photocatalytic pretreatment condition, the fouling behaviors of SRNOM 
without external electrolytes addition were also compared.  The normalized 
permeate flux was plotted as a function of time.  This flux profile could reflect 
fouling tendencies of various water samples under similar hydraulic conditions, 
such as cross flow rate and initial permeate flux.  The fouling potentials of 
various fouling profiles were calculated subsequently to study the changes in 
fouling potentials after photocatalytic reactions.   
 
6.3.1.1 No External Electrolytes 
Fig. 6.3 shows flux behaviours of the raw, MF filtrated and preoxidized 
SRNOM solution without additional electrolytes.  Their fouling trends were 
similar, except a slightly more severe fouling trend was observed in the raw 
SRNOM with 20 mg/L of TOC due to its relatively higher organic 
concentration than other solutions.  It was also noted that when no electrolytes 
(Na+, Ca2+, etc.) were added in the feed solution, there was a slight decrease in 
the permeate flux profile for SRNOM solution preoxidized for 30 min, as 
compared to the raw water with the same organic concentration (4.3 mg/L 
TOC) and to the MF treated solution with TOC of 5.8 mg/L.  However, that 
flux profile was higher than the raw feed water (20 mg/L TOC).  This 
indicated that photocatalysis could slightly increase the fouling trend in 
current solution chemistry.  This trend was also reflected in the fouling 
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Fig. 6.3 Flux behaviours of the raw and preoxidized SRNOM solutions 
without additional electrolytes; sn0-20mg/L: Raw feed water, 
TOC = 20 mg/L; sn0-4.3 mg/L: Raw feed water, TOC = 4.3 
mg/L; sn-mf-5.8 mg/L: 0.2 μm MF membrane filtered 
SRNOM solution, TOC = 5.8 mg/L; sn 0.5 h-4.3 mg/L: 
SRNOM solution after 30 min of degradation, the parameters 
of photocatalytic reaction: TiO2 concentration = 0.3 g/L, low 
pressure UV lamps;  RO filtration: initial permeate flux = 1.7 
± 0.04 × 10-5 m/s, crossflow velocity = 4.5 ± 0.1 cm/s; 
Temperature = 25 ± 0.5ºC. 
 
Table 6.2 Fouling potentials of raw and oxidized SRNOM sample 
waters without additional electrolytes. 
 










(× 1010 Pa s/ 
m2) 
2.91 1.73 1.56 1.66 
 
Photocatalytic oxidization could significantly reduce molecular size of 
SRNOM molecules, as demonstrated later in HPLC-SEC test.  According to 
the Carman-Kozeny equation [152], the resistance of the cake layer increases 
with decreasing molecules size.  When no external electrolyte was added into 





raw water of the same organic amount was most likely due to the breakdown 
of long chain macromolecules, narrowing the intermolecular spaces, thus 
increasing the resistance of the fouling layer.   
 
Nevertheless, it was also noted that the flux decline caused by the degraded 
SRNOM was insignificant compared with raw SRNOM.  It is therefore 
inferred that as no external electrolytes was added into the solutions, there was 
a minor change in the porosity of the fouling layer after photocatalytic 
pretreatment, which was most likely due to electrostatic repulsion among the 
degraded molecules to keep adequate porosity of the fouling layer.   
 
6.3.1.2 Ionic Strength  
Fig. 6.4 provides the permeate flux profiles of preoxidized SRNOM and raw 
SRNOM waters of equal TOC concentration under three ionic strengths of 
NaCl, i.e., 10, 30 and 50 mM.  The degraded SRNOM generally demonstrated 
less fouling tendency than their corresponding raw waters.  However, the 
overall positive effect of oxidized SRNOM samples over raw samples on 
permeate flux was not prominent.   
 
On the other hand, the permeate flux of raw and the degraded water decreased 
slightly with an increase of ionic strength from 10 to 50 mM, as illustrated in 
Fig. 6.4.  With an increase in ionic strengths, the electrostatic repulsion among 
SRNOM molecules and the repelling force between SRNOM molecules and 
membrane surface reduced as a result of the compression of the electric double 





fouling potentials of feed waters [14, 60, 154].  But the decrease in permeate 
flux was not as significant as compared with the increase in ionic strength.  
This suggested that ionic strength has insignificant influence on the fouling 
potentials of both the degraded and raw SRNOM.  The lower impact of ionic 
strength produced by indifferent salt (NaCl) as compared to that of divalent 
cations (e.g. calcium) on NF/RO membrane fouling by organic matters like 
alginate, protein, and NOM have also been reported in the literature [14, 154, 
164]. 
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Fig. 6.4 Effect of ionic strength on SRNOM fouling of the RO 
membrane. Total ionic strength of the feed solution was 
adjusted by varying NaCl concentration. No Ca2+ was present 
in the feed solution, and other experimental conditions were 
identical to those in Fig. 6.3.  sn0: SRNOM solution, TOC = 
4.3 mg/L; sn 0.5 h: SRNOM solution after 30 min of 
degradation, TOC = 4.3 mg/L, photocatalytic reaction: TiO2 
concentration = 0.3 g/L, low pressure UV lamps. 
 
6.3.1.3 The Effect of Calcium  
Fig. 6.5 illustrates the flux profiles and fouling potentials of the oxidized and 
raw SRNOM with equal TOC concentration, under different Ca2+ 





calcium, raw SRNOM displayed enhanced fouling tendency.  Calcium cations 
have been found to enhance NOM fouling by forming complexes with the 
carboxylic functional groups of NOM and neutralizing the negative charge of 
NOM molecules.  This leads to the development of a thicker and more 
compact fouling layer on membrane surface [14, 36, 73].  The flux profile of 
preoxidized SRNOM, in contrast, demonstrated much less fouling potential 
than both raw SRNOM solution of equal TOC concentration and 0.2 μm MF 
treated SRNOM solution in the presence of 0.5 mM Ca2+.  Despite equal 
organic concentration of 4.3 mg/L, the fouling potential caused by the 
preoxidized SRNOM decreased by about 52.5% to 1.27 × 1010 Pa·s/m2, 
compared to its corresponding raw SRNOM.  The significant fouling 
reduction caused by oxidized SRNOM was most likely due to the breakup of 
SRNOM molecules and the changes in the molecular structures and 
physicochemical properties of SRNOM.  The reduction in the size of SRNOM 
molecules could weaken the effect of calcium on the interactions, especially 
the intermolecular Ca2+ binding, among NOM molecules, which led to a less 
dense fouling layer.  Moreover, the photocatalytic pretreatment could also 
lower the hydrophobic interaction (hydrogen bonding) between 
macromolecules of SRNOM and membrane as a result of the increase in 
hydrophilicity of SRNOM after photocatalysis.  Some studies have shown that 
larger molecules of organic matters, which are generally more hydrophobic, 
cause more serious fouling of membrane [22, 27, 149, 150].  The breakdown 
of the long chain organic compounds increased the polarity and hydrophilicity 





minimizing the interaction between membrane and foulant and the interaction 
among molecules of foulants.   
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Fig. 6.5 Effect of calcium on SRNOM fouling of the RO membrane. (a) 
Flux behaviours of raw, preoxidized and 0.2 μm MF 
membrane filtered waters of equal TOC concentration of 4.3 
mg/L. Ca2+ concentration was fixed at 0.5 mM, total ionic 
strength of the feed solution was fixed at 10 mM by NaCl; (b) 
Fouling potentials (bar chart) of the water samples in (a);  (c) 
Flux behaviours of the raw and preoxidized water of equal 
TOC concentration of 4.3 mg/L under different Ca2+ 
concentrations; Ca2+ concentration was fixed at 0.5 and 2 mM, 
respectively, and total ionic strength of the feed solution was 
fixed at 10 mM by varying NaCl concentration (e.g. feed 
solution with 0.5 mM Ca2+ contained 8.5 mM NaCl, etc.);  (d) 
Fouling potentials (bar chart) of the feed water in (c).  sn0: 
Raw SRNOM solution; sn 0.5 h: SRNOM solution after 30 





pressure UV lamps; sn-mf: 0.2 μm MF membrane filtered 
SRNOM solution, and other experimental conditions were 
identical to those in Fig. 6.4. 
 
With the increase in Ca2+ concentration from 0.5 to 2 mM, raw SRNOM 
demonstrated higher fouling potential, whereas fouling potential of 
preoxidized SRNOM was still maintained at low level, as shown in Fig. 6.5c 
and d.  The advantage of oxidized SRNOM over raw water in fouling 
reduction was prominent, with its fouling potential at 14.7% ([Ca2+] = 2 mM), 
whereas the fouling potential of its corresponding raw water with equal TOC 
concentration was 47.5% ([Ca2+] = 0.5 mM).  This finding is crucial to the 
membrane-based wastewater reclamation process, because Ca2+ at 
concentration of about 0.5 to 1 mM was often found in the feed water of 
advanced water reclamation process. 
 
The significant reduction in fouling potential of oxidized SRNOM on RO 
membrane demonstrates that photocatalysis was an effective pretreatment in 
NOM fouling reduction, especially in the presence of relatively high Ca2+ 
concentrations.  Additionally, photocatalysis showed better performance in 
fouling minimization than MF pretreatment.  This demonstrated that the 
introduction of MF, as a physical pretreatment process for removal of colloidal 
NOM, was insufficient for efficient reduction in organic fouling.  On the other 
hand, photocatalysis, which results in changes in NOM properties, was more 






6.3.2 Influence of Feed Foulant Composition on Fouling 
Protein-like organic matters were also considered as one of the major foulants 
in advanced water reclamation process [154].  Therefore, bovine serum 
albumin (BSA) was taken as a model protein-like organic substance in the 
tests.  The flux profiles for the various foulant compositions after low pressure 
UV lamp based photocatalytic preoxidization are shown in Fig. 6.6.  
Photocatalysis was effective in the fouling reduction of BSA, as no significant 
drop in permeate flux was observed in the feed water containing only BSA.  
Moreover, there were no significant differences among the four flux profiles 
of the feed water containing different organic compositions.  This indicated 
that BSA and SRNOM had similar fouling potentials after photocatalytic 
pretreatment, the tolerance of different types of organic substances to 
photocatalysis.  In contrast, a significant different scenario appeared in the 
presence of polysaccharide, with higher portion of polysaccharides 
composition in the organic substances, the more drastic flux decline was 
observed (discussed in Chapter 5).  The considerable high fouling reduction by 
composite organic matters further proved the feasibility of photocatalysis as 
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Fig. 6.6 Effect of feed foulant composition on the organic fouling of 
RO membrane. (a) Flux behaviors with various foulant 
compositions under low pressure UV-based photocatalytic 
pretreatment;  Foulant compositions were varied according to 
the proportions of pt (BSA) and sn (SRNOM) by TOC 
concentrations: sn (i.e., SRNOM only) initial concentration = 
7.9 mg/L; pt:sn = 3:7 (i.e., pt = 2.4 mg/L, sn = 5.5 mg/L); 
pt:sn = 7:3 (i.e., pt = 5.5 mg/L, sn = 2.4 mg/L); or pt (i.e., 
BSA only);  reaction conditions: TiO2 concentration = 0.3 g/L, 
low pressure mercury UV light; Ca2+ concentration was fixed 
at 0.5 mM, and other experimental conditions were identical 
to those in Fig. 6.4. 
 
6.3.3 Influence of UV Sources on Fouling  
The most frequently used UV lamps in industry, low pressure germicidal type 
and medium pressure mercury lamps were used to study the effect of UV 
sources on RO fouling.  The low pressure UV lamps have less power input 
and less intensive UV light with main UV intensity concentrating at 253.7 nm 
(UVC),  while the medium pressure mercury lamps usually have higher energy 
consumption and more intensive UV output with main UV spectrum 
distributing near the wavelength UVA and UVB.  The effective UV intensity 
for photocatalysis, namely less than wavelength of 387 nm, of the combination 





respectively.  The power of each low pressure UV lamp is 12 W.  The 
effective UV intensity of one medium pressure UV lamp with a power of 700 
W was about 14.7 mW/cm2.  As compared to low pressure mercury UV-based 
photocatalysis, medium pressure lamp demonstrated higher capability in 
fouling reduction, more than 5% improvement in the permeate flux (as seen in 
Fig. 6.7).  The fouling potential decreased by about 62.8% to 4.74 × 109 
Pa·s/m2.  In contrast, no improvement in flux could be observed as the number 
of low pressure UV lamps increased from two to four.  The higher UV 
intensity emitted by medium pressure UV lamp was the possible reason for 
significant fouling reduction, leading to considerable breakup and removal of 
SRNOM within 30 min.  This indicated that higher oxidization potential with 
medium pressure UV lamp was more favorable for RO fouling reduction 
caused by NOM.  However, compared with raw SRNOM with TOC 
concentration of 4.3 mg/L, the improvement of fouling potential per unit 
energy consumption of low and medium pressure UV based reactions were 
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 sn 0.5 h-2 lamps (lp)-4.3 mg/L
 sn 0.5 h-4 lamps (lp)-4.0 mg/L
 sn 0.5 h - (mp)-2.1 mg/L
 
Fig. 6.7 Effects of UV sources on SRNOM fouling of the RO 
membrane; 30 min of photocatalytic reaction, the TOC 
concentration were 4.3, 4.0 and 2.1 mg/L, respectively; TiO2 
concentration = 0.3 g/L, lp: Low pressure UV light; mp: 
Medium pressure UV light, Ca2+ concentration was fixed at 
0.5 mM, and other experimental conditions were identical to 
those in Fig. 6.4.  
 
6.4 Changes in the Physicochemical Properties of SRNOM  
Photocatalytic reaction considerably changed the physicochemical properties 
of NOM.  These changes include molecular weight distribution, 
hydrophobicity, charge properties, functional groups, etc, which consequently 
had great impacts on the fouling behaviours of SRNOM, as discussed in 
previous section.  In order to better understand the relationship between 
property changes and its corresponding fouling behaviors, characterization of 
properties of SRNOM and fouled membrane was further carried out.  
 
6.4.1 Hydrophobicity (SUVA values) and Color of SRNOM 
It has been reported that hydrophobic NOM, such as humic and fulvic 





membranes treating natural surface waters [132, 133].  This high fouling 
tendency of NOM can be attributed to its hydrophobic interaction with 
membrane surface, which results in their tendency to accumulate and deposit 
onto the membrane surface [65, 130].  Photocatalysis can greatly transform the 
hydrophobic fractions of NOM into less hydrophobic components, decreasing 
the hydrogen bonding energies associated with sorption of hydrophobic NOM 
on membrane surfaces, and consequently leading to a less fouling potential of 
treated NOM.  
 
Figs. 6.8 and 6.9 show changes of the SUVA254, UVA254 and Color430.  These 
parameters were expressed as a function of time during which photocatalytic 
reactions take place in the presence of low or medium pressure UV irradiation.  
The UV absorbance values at 430 nm was used to quantify the color of water 
samples as Color430, a frequently used parameter to signify the color properties 
of NOM [136, 137].  Specific ultraviolet absorbance at 254 nm (SUVA254) was 
used in this study to quantify the changes in hydrophobicity of SRNOM.  
UVA254 and SUVA254 have been applied widely as a representation to estimate 
aromatic content of DOM and fouling tendency of NOM [48].  A correlation 
between SUVA254 and the MW of humic substances has previously been 
reported by some studies [48, 165].  Under low pressure UV irradiation ([TiO2] 
= 0.3 g/L), photocatalytic oxidation for 30 min significantly reduced SUVA254 
and UVA254 by 62 and 75%, respectively.  On the other hand, TOC was only 
reduced by a moderate extent of 36%.  The relatively low TOC reductions as 
compared to UVA254 reductions could partially be ascribed to the structural 





to non-humic fractions and aromatic fractions are transformed into aliphatic 
fractions without significant conversion of organic matter to carbon dioxide 
[108].  This significant change was more prominent under medium pressure 
UV-based photocatalysis.  Within just 20 min, the SUVA254 and UVA254 were 
significantly reduced by 83 and 94%, respectively, while in current 
experimental condition ([TiO2] = 0.3 g/L), TOC was removed by more than 
66%.  This indicated that besides structure changes in SRNOM composition, 
more organic matters were mineralized at the same time, due to stronger 
oxidization effect of photocatalysis under medium pressure UV irradiation.   
 













Fig. 6.8 Changes of SUV254 of SRNOM as a function of photocatalytic 
reaction time. lp: Low pressure UV-based photocatalytic 




























Fig. 6.9 Changes of UV254 and Color430 of SRNOM subjected to 
photocatalytic reaction. lp: Low pressure UV-based 
photocatalytic reaction; mp: Medium pressure UV-based 
photocatalytic reaction.  
 
Humic substances of complex and heterogeneous organic matrix are generally 
believed to give a characteristic brown-yellowish color to the water [134, 135].  
The Color430 of raw SRNOM solution was greatly reduced by about 86% after 
30 min of low pressure UV-based photocatalytic reaction.  This was quite 
similar to the changing trend of UV254, an indicator of aromaticity or 
hydrophobicity of NOM, whereas more efficient color removal of 93% was 
observed after 20 min of medium pressure UV-based reaction.  These efficient 
reductions in color further demonstrated the breakdown of hydrophobic 
macromolecules of humic substances and transition of hydrophobic fractions 
into hydrophilic substances.  This transition could be efficiently achieved at 
the start of the reaction, rather than significantly removed organic matters, 






6.4.2 Fluorescence Spectrum of SRNOM 
Three-dimensional EEM and SF spectrometry were used to characterize the 
raw and preoxidized SRNOM solution. The EEM spectra of the raw and 
photocatalytically oxidized SRNOMs are shown in Fig. 6.10.  Two 
pronounced bands, at Ex/Em of 250-270/410-440 nm and 300-340/430-460 
nm, were observed in the EEM of the raw SRNOM fraction.  Based on past 
studies [138-140], a fluorophore with Ex/Em of 250–260/380–420 nm (Fig. 
6.10a) corresponds to humic-like material, whereas the second fluorophore 
with Ex/Em of 330–350/420–480 nm appears to originate from humic and/or 
fulvic-like material.  The fluorescence intensity of the band with Ex/Em of 
250-270/410-440 nm was lower than that with Ex/Em of 300-340/430-460 nm.  
After TiO2-based photocatalytic reaction with low pressure UV light (Fig. 
6.10b), the latter band was almost eliminated, whereas the intensity of former 
band was decreased slightly about 11%.  This trend was more obvious for the 
photocatalytic reaction by medium pressure UV light (Fig. 6.10c), where only 
the band at Ex/Em of 250-270/410-440 nm was remained, but at a greatly 
reduced fluorescence intensity.  This great variation in fluorescence intensities 
of the two bands before and after photocatalytic reaction was most likely 
associated with the breakdown of the aromatic rings of humic and fulvic 
substances and the formation of oxidization by-product like aldehydes, 














Fig. 6.10 Fluorescence EEM spectra (contour maps) of raw and 
oxidized SRNOM. (a) Raw SRNOM; (b) SRNOM oxidized 
by low pressure UV-based photocatalytic reaction; (c) 
SRNOM oxidized by medium pressure UV-based 
photocatalytic reaction. 
 
On the other hand, the location of fluorescence maxima also remarkably 
shifted towards shorter wavelength after photocatalytic reaction.  This shift in 
EEM maxima was more pronounced with the medium pressure UV-based 
photocatalysis, as shown in Fig. 6.10.  According to Coble and Świetlik [138, 
139], the blue-shift (towards shorter wavelength) of fluorescence maxima can 
be due to the decomposition of condensed aromatic moieties and the break-up 
of large molecules into small molecules.  The breakup of large SRNOM 
molecules into small molecules was also observed in our HPLC-SEC study. 
 
SF spectrum is generally believed to be a powerful tool to characterize the 
NOM factions due to its improved peak resolutions [139, 141-143].  The 





values from 11 to 77 nm at increments of 11 nm were used to characterize the 
organic matters in the study.  Under different Δλ values, the spectra 
demonstrated various peak resolutions and intensities.  However, it is very 
difficult to identify an ideal offset value with both high peak intensities for a 
mixture solution of various organic matters, especially for the oxidized NOM 
solution.  Among the seven values used in our study, the wavelength offset of 
Δλ = 44 nm was found relatively optimal for SF spectra of SRNOM.  As 
shown in Fig. 6.11, two well-resolved bands with different intensities were 
present in both raw and oxidized SRNOM.  A broad peak at ~350-400 nm 
with relatively high intensity, as well as an insignificant peak at ~280 nm were 
observed in the raw SRNOM, whereas a relatively well-resolved peak as well 
as a low intensity but broad band at ~320-370 nm was observed in the 
photocatalytically oxidized SRNOM.  Some previous researches reported that 
the band at ~280 nm can be attributed to the presence of aromatic amino acids 
like tryptophan and other volatile acids containing conjugated aliphatic 
structures [138, 140, 166], whereas the broad band at ~350-400 nm can be 
ascribed to humic substances.  Peuravuori et al. [167] ascribed the EEM 
maxima at Ex/Em of ~330/348 and ~355/373 nm to naphthalene with its 
derivatives, and polycyclic aromatics with three to four fused benzene rings, 
respectively.  Additionally, Duarte et al. [168] suggested that the peak at Ex 
~280 nm of humic and fulvic acids fractions is related to lignin-derived 
structural moieties.   
 
As shown in Fig. 6.11, the band of raw SRNOM at ~280 nm exhibited much 





oxidization, however, resulted in a considerable increase of the fluorescence 
intensity at ~280 nm, especially in the low pressure UV-based reaction.  The 
increase of band intensities after the reaction could be explained by the nature 
of SRNOM fractions which are known to consist of aromatic and aliphatic 
amines and amino acids. 










 sn lp 0.5 h
 sn mp 0.5 h





Fig. 6.11 Synchronous fluorescence spectra of SRNOM before and 
after photocatalysis and photolysis reaction, Δλ = 44 nm. sn0: 
Raw SRNOM; sn lp 0.5 h: SRNOM after 30 min of 
degradation under low pressure UV-based photocatalysis; sn 
mp 0.5 h: SRNOM after 30 min of degradation under medium 
pressure UV-based photocatalysis; sn mpUV 0.5 h: 30 min of 
photolysis of SRNOM under medium pressure UV light. 
 
It was also noted that for the medium pressure UV lamp mediated 
photocatalysis, the fluorescence intensities of both bands were greatly lowered.  
This could be explained by the enhanced photocatalytic degradation effect 
with powerful UV source on the aromatic and/or polyphenolic constitutes of 
SRNOM [137].  In contrast, only slight reduction in fluorescence intensity 





pressure mercury UV-based photolysis, where no TiO2 catalyst was added into 
the reaction.  In addition, like the raw SRNOM, some pointed peaks [142, 145] 
were still presented in the UV irradiated SRNOM.  Such peaks could be 
attributed to various constituents in the humic and fulvic materials [145, 146].  
These observations suggested that the oxidants including hydroxyl radical 
present in TiO2-based photocatalysis could more effectively modify the 
molecular structures as reflected in the fluorescence properties than photolysis 
with only UV irradiation.  On the other hand, the blue shift of the broad band 
at ~350-400 nm in SF spectrum was more pronounced in all oxidized 
SRNOMs including only UV photolysis.  It could be attributed to the break-up 
of high molecular weight aromatic contents [137, 139, 141], greatly 
minimizing the hydrophobic interaction between the SRNOMs and membrane 
surface, and consequently, reducing their fouling potentials [108]. 
 
The trends in fluorescence intensity and band shift were also observed in 
SRNOMs under even longer photocatalytic reaction time (Fig. 6.12).  The 
photocatalytic oxidization of 1 and 2 h resulted in a considerable increase in 
fluorescence intensities at ~280 nm, but longer oxidization time could also 
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Fig. 6.12 Synchronous fluorescence spectra of SRNOM before and 
after photocatalytic reaction, Δλ = 44 nm. sn0: Raw SRNOM; 
sn 1 h: SRNOM solution after 1 h of photocatalytic reaction; 
sn 2 h: SRNOM solution after 2 h of photocatalytic reaction. 
 
6.4.3 Molecular Weight Distribution 
As illustrated in Fig. 6.13, the molecular weight distributions of SRNOM 
were significantly narrowed down with the breakup of aromatic 
macromolecules and mineralization of small molecules as a function of 
photocatalytic reaction time.  Accordingly, the responses of UV spectrum 
at 254 nm slumped with the concentration reduction of aromatic organic 
substances, for example, after long period of oxidization, around 2 h, 
almost no prominent signals of constituents with unsaturated bonds was 
observed in the HPLC-SEC spectrum.  This indicated the depletion of 
aromatic substances or unsaturated compounds and enrichment of 
aliphatic constituents.  The depletion of aromatic organic matter became 
more significant under medium pressure UV-based reaction than that 





μm MF membrane caused a slight reduction in the UV response and no 
other peaks with different retention time could be observed.  (Data not 
shown)   
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Fig. 6.13 Changes in molecular weight distribution of SRNOM after 
photocatalytic reaction measured by the HPLC-SEC with UV 
detection at 254 nm. (a) Effect of oxidization time, sn0: Raw 
SRNOM solution; sn 0.5 h, sn 1 h and sn 2 h: SRNOM 
solutions after 0.5, 1 and 2 h of degradation, respectively, low 
pressure UV-based photocatalytic reaction; (b) Effects of UV 





photocatalytic reaction; mp 0.5 h: medium pressure UV-based 
photocatalytic reaction; catalyst concentrations were fixed at 
0.3 g/L in all above reactions. 
 
 
6.4.4 Zeta Potential 
As illustrated in Fig. 6.14, raw SRNOM was negatively charged in current 
experimental condition, and its zeta potential was more than one time lower 
than that of oxidized SRNOM.  Many studies have found that the charge 
properties of NOM mainly originate from the carboxylic and phenolic groups 
of humic and fulvic macromolecules in natural waters [41, 169].  According to 
Lee and Elimelech [36], carboxylic functional groups are expected to be the 
dominant source of the electrostatic potential of SRNOM at pH less than 8.  
As illustrated in Fig. 6.14, the oxidized SRNOM molecules became less 
negatively charged after photocatalytic reaction, reducing the repelling effects 
between the foulants and RO membrane.  The decrease in negative charges of 
oxidized NOM could be ascribed to the increase in organic acid constituents of 
NOM after oxidation, providing more ligands or sites for calcium 
complexation [170].  Therefore, an increase in fouling potential of oxidized 


























 Zeta potential 
 
Fig. 6.14 Changes in zeta potentials of the feed solutions after 
photocatalytic reaction. sn 0.5 h: SRNOM solution after 0.5 h 
of photocatalytic reaction, pH = 6.4; sn0: Raw SRNOM 
solution, pH = 7.3; The background electrolytes: mixture of 
8.5 mM NaCl and 0.5 mM CaCl2. 
 
As for the charges of membrane surfaces, the deposition of foulants on RO 
membrane decreased the negative zeta potentials (i.e. the membranes become 
less negatively charged), as shown in Fig. 6.15.  On the other hand, the change 
in zeta potentials of water samples were in accordance with the changes in 
zeta potential values of the raw and preoxidized SRNOM fouled membrane 
surfaces.  The preoxidized SRNOM fouled membrane became slightly less 
negatively charged than that fouled by raw SRNOM due to its relatively low 
charge densities after oxidization.  These increasing trends of zeta potential 
values of both organic matters and membrane surface after photocatalysis 
could suggest the lower electrostatic repulsion between solute and membrane 
and enhanced fouling potential of oxidized SRNOM.  However, significant 
fouling reduction caused by oxidized SRNOM possibly implied that the 





case of RO membrane fouling by SRNOM.  Hydrophobic interaction is 
associated with hydrogen bonds which are characterized by higher 
dissociation energies (5–10 kcal/mol) than that of electrostatic bonds (2–3 
kcal/mol) [171].  Therefore, hydrophobic interaction might contribute to a 
more significant effect on membrane fouling than electrostatic interaction 
[108], which was one of the possible reasons for the lower fouling potentials 
of pretreated SRNOM.   


















Fig. 6.15 Zeta potentials of the fresh and fouled membranes at 
ambient pH = 6.6; Experiments were carried out with a 
background electrolyte of 0.01 M NaCl; mem: fresh RO 
membrane; sn 0.5 h: RO membrane fouled by oxidized 
SRNOM, 0.5 h of photocatalytic reaction; sn0: RO membrane 
fouled by raw SRNOM. 
 
Meanwhile, it was also noteworthy that the zeta potential values of 
preoxidized SRNOM demonstrated relative high standard deviation, which 
was probably a consequence of presence of various degradation products in 
colloid or relatively soluble forms with a wide range of charge properties.  





index to characterize the charge properties of the mixture of degraded organic 
components in different forms and to signify the fouling tendency in terms of 
electrostatic interaction as well.  
 
6.4.5 FTIR Spectrum 
FTIR spectra of fouled membranes also partially reflected the changes in the 
functional groups of foulants caused by photocatalytic reaction.  The spectrum 
of raw SRNOM fouled membrane is shown in Fig. 6.16.  Some absorption 
peaks in the SRNOM fouled membrane spectrum were attenuated to some 
extent due to coating by SRNOM foulants.  But the spectrum of membrane 
fouled by oxidized SRNOM demonstrated more identical peaks to the fresh 
membrane.  Raw SRNOM had relatively stronger absorbance at wave 
numbers, 3030 (aromatic C–H stretching), 1480 and 1613 cm−1 (benzene ring 
stretch).  The bands at 3430-3630 cm−1 (O-H stretching) were also indicative 
of constituents with phenolic and alcoholic functional groups [147, 148].  
Abundance of these bands indicated humic- and fulvic-like materials as the 

















Fig. 6.16 FTIR spectra of the fresh and fouled membrane. sn 0.5 h: 
Membrane fouled by oxidized SRNOM after 0.5 h of 
photocatalytic reaction; sn0: Membrane fouled by raw 
SRNOM. 
 
In contrast, no significant foulant could be indentified on the oxidized 
SRNOM fouled RO membrane, indicating that lower fouling occurred by 
oxidized organic matters.  The absorbance of aromatic bands in oxidized 
SRNOM fouled membrane was decreased slightly.  Furthermore, the 
frequency at 1200 cm-1 (C–O stretching and O–H deformation of COOH 
groups) [172] might suggest the degradation intermediates, such as carboxyl 
constituents, as part of the foulant after photocatalytic reaction.  The saturated 
chains (C-H stretch: 2950-2970 cm-1, and CH2 rocking: 720-770 cm-1) [147] 
also displayed a relatively higher absorbance due to the break down of 
aromatic components by photocatalytic oxidization.  Further observation 
demonstrated that oxidized SRNOM fouled membrane presented more similar 





SRNOM fouled membrane.  This implied that natural organic matters had 
lower fouling tendency after photocatalytic degradation.   
 
6.5 Conclusion 
TiO2-based photocatalytic pretreatment is an effective pretreatment measure to 
lower the fouling potential of SRNOM on polyamide RO membrane.  This 
applies in particular, in the presence of calcium, but it would slightly increase 
the RO membrane fouling potential when no external electrolytes are added.  
Additionally, ionic strength has insignificant influence on the RO membrane 
fouling tendency by both the degraded and raw SRNOM. 
 
The significant fouling potential reduction of SRNOM by as much as 85% was 
observed in the presence of Ca2+ in RO fouling test.  The cleavage effect of 
photocatalysis, i.e., breakdown of long chain biopolymers, was the possible 
reason for fouling potential reduction, which could effectively lower the effect 
of calcium on the interactions among NOM molecules, thus leading to a less 
dense fouling layer.  Moreover, photocatalytic pretreatment could also lower 
the hydrophobic interaction between the macromolecules of SRNOM and 
membrane as a result of the increased hydrophilicity of SRNOM.  Although 
there was a decrease in electrostatic repulsion effect between foulant and 
membrane after photocatalysis, significant fouling potential reduction was 
observed, indicating that electrostatic interaction might not be the key factor 
influencing RO membrane fouling by SRNOM. 
 
Photocatalysis based on two different UV sources, medium pressure and low 





membrane by SRNOM.  The medium pressure UV lamp demonstrated higher 
efficiency in TOC removal, hydrophobicity reduction and fouling potential 
reduction largely due to its higher UV intensity.  However, since the medium 
pressure lamps have high energy consumptions, low pressure mercury UV 
lamps is considered to be an optimal choice. 
 
SRNOM macromolecules and protein like organic matters, such as BSA can 
be efficiently degraded at relatively low initial organic concentrations.  The 
composite foulants of SRNOM and BSA with low concentrations (less than 10 
mg/L) in various ratios demonstrated significant fouling reduction after 
photocatalytic pretreatment and no significant difference in fouling potentials 
was observed regardless of the ratios between them.  This was in contrast to 











It was found that the fouling potentials of secondary effluent and water 
samples containing sodium alginate, SRNOM and BSA were greatly lowered 
by hybrid photocatalysis and microfiltration process.  This was a positive 
evidence of the efficacy of this pretreatment measure for fouling alleviation.  
Changes in the physicochemical properties of the organic matters using this 
preoxidization measure were likely to be the possible reason for fouling 
reduction.  Macromolecules of the hydrophobic matters, such as the SRNOM, 
could be degraded into less hydrophobic micromolecules, thus resulting in the 
decrease in their fouling potentials.  Moreover, these reductions were more 
significant in the presence of Ca2+ as a result of weakened effect of calcium on 
interactions among pretreated NOM molecules.  The hybrid photocatalysis and 
MF pretreatment was also effective in fouling reduction of RO membrane by 
hydrophilic polysaccharides, sodium alginate, particularly in the presence of 
calcium.  This could be ascribed to the weak intermolecular bridging effect on 
micromolecules after the pretreatment, leading to a less dense fouling layer on 
the membrane.  These findings are of crucial importance in starting a new 
scenario in the study of fouling alleviation by organic matters.  They are also 
of great value in terms of the industrial application of this pretreatment 







Photocatalysis based on two different UV sources, medium pressure and low 
pressure mercury UV lamps, were both effective in fouling reduction of RO 
membrane by polysaccharides and SRNOM.  The former demonstrated higher 
efficiency in organic degradation and fouling reduction, but given the high 
energy consumption of medium pressure lamps, the latter was also an optimal 
choice.  In addition, longer oxidization time, lower initial organic 
concentration, and higher catalyst dosages (less than 0.5 and 2 g/L for low 
pressure and medium pressure UV based reactions in this study, respectively), 
providing generally higher oxidation degree, could considerably lower the 
fouling potentials of organic substances. 
 
Polysaccharides, one of the most important foulants, demonstrated higher 
fouling potential than organic matters like SRNOM and BSA and its fouling 
behavior was very sensitive to calcium due to the strong intermolecular 
bridging effect of polysaccharides in the presence of calcium.  The 
preoxidized polysaccharides, to some extent, demonstrated less fouling 
potentials, but high polysaccharide and high calcium concentrations could 
compromise the fouling reduction effect of photocatalysis as a pretreatment 
scheme.  In contrast, the photocatalytic pretreatment could significantly lower 
the hydrophobic interaction between the macromolecules of SRNOM and 
membrane surface as a result of the decreased hydrophobicity of SRNOM 
after photocatalytic pretreatment. 
 
Organic removal efficiencies were also investigated with EfOM and water 





and operation parameters in various batch reaction systems.  One of the most 
significant factors affecting the degradation efficiency was the changes in the 
solution pH values in terms of solution chemistry.  A relatively low pH value 
of around 4.35, promoted the production of •OH radical, one of the major 
oxidants, contributing to the higher EfOM oxidation efficiency, compared to a 
higher pH condition.  The moderate catalyst concentration of about 0.5 g/L, 
high UV intensity, and long operation time, were favorable for removal of 
organic matters in water in low pressure mercury UV-based photocatalytic 
reaction.  Nevertheless, higher concentrations of catalysts could be used to 
enhance degradation efficiency in the medium pressure UV-based 
photocatalysis, and no obvious compromising of UV light effectiveness due to 
higher solution turbidity at higher catalyst concentrations could be observed.  
However, the energy efficiency of the pretreatment process decreases with 
longer oxidization time and higher UV intensity, which is not our preference.  
These results provided valuable information in promoting the efficiency of the 
pretreatment process with respect to solution chemistries, configuration and 
operation conditions.  
 
7.2 Recommendations for further research 
Fouling behaviors of the hydrophilic biopolymers, sodium alginate, after 
photocatalytic pretreatment, were examined in the cross-flow membrane test 
cell system.  Unlike the hydrophobic biopolymer, such as SRNOM, the 
pretreated alginate demonstrated limited capacity in fouling reduction, 
especially in the presence of high Ca2+ concentration (> 1 mM).  This finding 





the degraded organic matters.  A gel fouling layer could also be formed on the 
membrane surface, and its hydraulic resistance was similar to raw alginate in 
the presence of high Ca2+ concentration.  This is in agreement with previous 
studies about the negative impact of divalent cations on fouling caused by 
hydrophilic biopolymers, such as polysaccharides [153, 154].  In this study, 
insubstantial fouling reduction of the hydrophilic biopolymer, sodium alginate, 
is likely a result of the limited changes in the hydrophobicity, functional 
groups, and electrostatic repelling effect of alginate molecules after the pre-
oxidization.  These results suggested that the properties of the organic matters 
are important factors influencing the rate and extent of membrane fouling.  
The photocatalytic pretreatment method was not very effective in fouling 
reduction of the hydrophilic organic matters especially in the presence of high 
Ca2+ and organic concentrations.  Accordingly, parameters in operation and 
configuration of this photocatalytic pretreatment technique need to be further 
adjusted to address this challenge.  Meanwhile, results also highlighted that 
hydrophilic biopolymers are a major type of foulant causing a decline in the 
performance of RO membrane, which is in good agreement with the results of 
other studies that hydrophilic components of aqueous organic matters were 
regarded as the substances with high fouling potentials [14, 117, 118].  The 
reduction of hydrophilic components in the feed water is likely to be a 
possible way to address the problem of membrane fouling in water 
reclamation process.  Therefore, the study of fouling reduction of RO 
membrane by hydrophilic organic matters, such as polysaccharides-like 
extracellular biopolymers from biologically treated sewage effluent will be of 






This study did a preliminary investigation of the fouling control effects on 
some major types of biopolymers under photocatalytic preoxidization process.  
Due to limited sample water types used in the research, fouling alleviation 
effect under more complex matrix of organic matters cannot be reflected in the 
current results.  The combined effect of three or more types of biopolymers 
should be examined in future works.  The lab-scale membrane photoreactor 
demonstrated good performance in the removal of both hydrophilic and 
hydrophobic biopolymers and in the modification of their physicochemical 
properties for fouling reduction.  However, performances of a larger scale 
setup still need to be studied in consideration of the limited penetration depth 
of UV light in water.  In this study, fouling tests were carried out in a bench-
scale RO membrane test cell over 24 h.  Due to the limitation in the size of 
membrane cell, long-term filtration experiments with a relatively large 
membrane area, which can better reflect the real situation, were not performed 
in the study.  Hence, it is uncertain whether the results obtained from short-
term filtration experiments with small membrane size can be applied to the 
actual case where fouling occurs over long-term operation.  Nevertheless, the 
results provide valuable information regarding the initial fouling trend of the 
organic matters after photocatalytic preoxidization process.  In addition, the 
energy efficiency, directly related to the energy consumption of the UV 
system is a pronounced issue in large-scale engineering system.  The selection 
of types and intensities of UV lamps is a crucial decision in terms of economic 





consumption and the system performance in a larger system should be one of 
the foci in future study.   
 
In addition, fouling caused by nano-size TiO2 particles on the MF membrane 
surface is another challenge in the separation of photocatalysts in the slurry 
system.  One possible solution to address this problem is to deposit nano-size 
particles onto the surface of an intermediate with a larger particle size or to 
attach them onto fixed surfaces; but these measures will greatly lower the 
efficiency of the oxidization process due to the great reduction of the effective 
surfaces of catalysts.  Hence future work should also focus on investigating 
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